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ABSTRACT

FULL-SCALE- LATERAL-LOAD TEST OF A 1.2 m DIAMETER
DRILLED SHAFT IN SAND

Amy J. Taylor
Department of Civil and Environmental Engineering
Master of Science

The soil-structure interaction models associated with laterally loaded deep
foundations have typically been based on load tests involving relatively small diameter
foundations.

The lateral soil resistance for larger diameter foundations has been

assumed to increase linearly with diameter; however, few, if any load tests have been
performed to confirm this relationship. To better understand the lateral resistance of
large diameter deep foundations in sand, a series of full scale, cyclic, lateral load tests
were performed on two 1.2 m diameter drilled shafts and a 0.324 m diameter steel pipe
pile in sand. Although the tests involve two different foundation types, the upper 2.4 m
of the profile, which provides the majority of the lateral resistance, consists of sand
compacted around both foundation types. Therefore, these test results make it possible
to evaluate the effect of foundation diameter on lateral soil resistance. The drilled shafts
were first loaded in one direction by reacting against a fifteen-pile group. Subsequently

a load test was performed in the opposite direction by reacting against a 9-pile group. The
soil profile below the 2.4 m-thick layer of compacted sand consisted of interbedded
layers of sand and fine-grained soil.
For the drilled shaft load tests, pile head deflection and applied load were
measured by string potentiometers and load cells, respectively. Tilt was also measured as
a function of depth with an inclinometer which was then used to calculate deflection and
bending moment as a function of depth. For the pipe pile, deflection and applied load
were also measured; however, bending moment was computed based on strain gauges
readings along the length of the pile.
The lateral response of the drilled shafts and pipe pile were modeled using the
computer programs LPILE (Reese et al., 2000), SWM6.0 (Ashour et al., 2002), and FBMultiPier Version 4.06 (Hoit et al., 2000).

Comparisons were made between the

measured and computed load-deflection curves as well as bending moment versus depth
curves. Soil parameters in the computer programs were iteratively adjusted until a good
match between measured and computed response of the 0.324 m pipe pile was obtained.
This refined soil profile was then used to model the drilled shaft response. User-defined
p-multipliers were selected to match the measured results with the calculated results.
On average very good agreement was obtained between measured and computed
response without resorting to p-multipliers greater than 1.0. These results suggest that a
linear increase in lateral resistance with foundation diameter is appropriate. LPILE
typically produced the best agreement with measured response although the other
programs usually gave reasonable results as well. Cyclic loading generally reduced the
lateral resistance of the drilled shafts and pile foundation by about 20%.
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CHAPTER 1 - INTRODUCTION
1.1 BACKGROUND
Successful construction of any type of building or structure depends upon the soil
upon which it is built. Natural soils at a building site are often not strong enough to
support the loads imposed by the structure. Deep foundations, such as drilled shafts,
piles, and pile groups make it possible to overcome this obstacle and provide the needed
support to the structure. Drilled shafts and piles extend deep into the soil in order to
penetrate a stiffer, stronger soil layer, which provides bearing resistance and support for
vertical loading. However, the soil that surrounds the deep foundation near the ground
surface provides side resistance which supports lateral loading. Lateral loading is a
result of earthquakes, winds, liquefaction, and other hazards, as will be addressed in this
thesis.
There is a significant difference in the lateral resistance of drilled shafts and piles
depending upon their diameter. Analysis procedures developed by Reese and Wang
(1996) assume that the lateral resistance increases linearly as diameter increases.
However, physical test data to confirm this assumption are scarce. Little research has
been done regarding the effect of diameter (scale effects) on the behavior of drilled
shafts under lateral loading in sand, but scale effect tests on drilled shafts in clay
presented by Lutenegger and Dearth (2000) show that the lateral resistance of a shaft

1

increases linearly as the shaft diameter increases. However, results from theory for
analysis in sand presented by Fan et al. (2005) suggest that a non-linear relationship
exists between the soil resistance and pile diameter. To model the scale effects in sand,
lateral load tests were performed on deep foundations having diameters of 0.324 and
1.22 m. The results from these tests were then used to evaluate available methods to
account for shaft diameter and the accuracy of available computer models.
The lateral resistance provided by soil adjacent to piles and shafts is typically
defined by a relationship known as the p-y curve. P represents the lateral load resistance
of the soil per length of shaft or pile and y represents the lateral deflection of the shaft or
pile. These p-y curves can define the non-linear stiffness of the soil, distributed along
the length of a deep foundation. The deep foundation is modeled as a beam and the soil
is similar to springs, known as a Winkler/beam foundation. Analyses are performed
iteratively until the assumed soil stiffness is compatible with the computed displacement
using the finite difference or finite element method.

Following convergence, the

computer model can then provide plots of applied load vs. deflection, deflection vs.
depth, bending moment vs. depth and maximum bending moment vs. applied load.
An alternative to the typical p-y curve approach is presented by Ashour, Pilling,
and Norris, (2004) as the strain wedge approach. This model simulates the relationship
between a one-dimensional beam on an elastic foundation (BEF) response and a threedimensional soil-foundation interaction. A wedge is essentially formed in front of the
pile (opposite face of where the load is applied) due to lateral loading. The strain that
exists in this developing wedge is related to the deflection (y) of the foundation. The
stress acting along the face of the developing wedge is related to the BEF line load (p).
2

These models have generally been calibrated based on tests of small diameter
shafts or piles. However, the equations used to estimate the influence of shaft diameter
on lateral resistance have not been as carefully validated.

At present, a need exists to

obtain lateral load test results for different diameter piles or shafts in the same soil
profile which can be used to evaluate the influence of shaft diameter on lateral soil
resistance. These results could also be used to evaluate the various computer models and
soil resistance approaches. These evaluations could also determine if adjustments to the
modeling procedures or equations for p-y curves would be necessary to properly account
for scale effects.

1.2 RESEARCH OBJECTIVES
The study reported in this thesis includes the following objectives:
1. Provide lateral load test results for a 0.324 m diameter pipe pile and 1.22 m
diameter drilled shafts in sand.
2. Evaluate existing analytical models to account for the effect of diameter on
the lateral resistance of deep foundations.
3. Determine the need for adjustment factors to account for discrepancies
between measured and computed response.
4. Compare results from multiple computer models to determine the most
effective method of modeling soil-structure interaction during lateral loading.
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1.3 PROJECT SCOPE
The tests addressed in this thesis are part of a series of lateral load tests
performed at the same test site but with varying soil parameters. The tests involved two
drilled shafts reacting against two pile groups. For the first series of tests, conducted in
2002, the soil conditions near the ground surface consisted of soft clays and silts. The
piles were closed-ended steel pipe piles with an outside diameter of 324 mm (12.75 in)
extending to a depth of about 11 m below the ground surface. One pile group consisted
of nine piles with pile spacing at 5.65 pile diameters while the second pile group
consisted of 15 piles with spacing at 3.92 pile diameters. Each pile group reacted against
two 1.22 m diameter drilled shafts extending to depths approximately 17 and 21 m
below the ground surface. In addition, a lateral load test was performed on a single
isolated pipe pile. The results from these tests are provided by Johnson (2003) and
Snyder (2004). The layout of these pile groups and the drilled shafts are displayed in
Figure 3.2. The results from Johnson (2003) and Snyder (2004) solely address the
results and interaction of the pile groups with the soil. Analysis of the drilled shafts used
to load the pile groups in clay is currently being studied by Raquel Young King.
Subsequent to these two tests, two more lateral load tests were performed. Prior
to these two additional tests, the upper clay layers surrounding the drilled shafts and both
the 9-pile and 15-pile group were excavated. The clay was then replaced with washed
concrete sand. The clay removal, sand placement, and lateral load testing all occurred
during the summer of 2004. Once the sand was in place, lateral load tests were first
performed on the 15-pile group reacting against the drilled shafts during July and
August, and secondly on the 9-pile group reacting against the drilled shafts in the
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opposite direction during September. The results for the drilled shafts from these two
tests are the focus of this study. Results from the 15-pile group, according to the study
done by Walsh (2005), will be compared to the results for the drilled shafts. Results
from the 9-pile group, currently under analysis by Dustin Christensen, will also be
compared to the results for the drilled shafts.
Finally, in October of 2004 a single isolated pipe pile was laterally loaded against
the 15-pile group. This test was done with the intent of serving as a test control for the
other piles in groups. The single pipe pile was situated approximately 2 meters west of
the 15-pile group. The pile dimensions, soil conditions, and loading procedures used for
the single pile test were essentially the same as those for the 9-pile and 15-pile group
tests. Results from the single pile test obtained by Walsh (2005) were also compared to
those of the drilled shafts.
The test site for all of these tests was about 300 meters north of the Salt Lake
City International Airport air traffic control tower. Soil properties from the test site were
determined by in-situ tests as well as laboratory tests. These site characterization tests
were performed during previous site investigations. Results from field and laboratory
tests were combined to determine soil index properties as well as the final soil profile
used in computer simulation.
Data obtained from testing was reduced to show desired test results. Measured
load vs. deflection, deflection vs. depth, moment vs. depth and moment vs. load curves
were plotted and compared with results from computer modeling.

The computer

programs used to simulate and model the data from testing included: LPILE Plus version
4.0 (Reese, et al., 2000), SWM6.0 (Ashour et al., 2002), and FB-MultiPier (Hoit, et al.,
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2000). These computer programs were initially calibrated using the results from the
single isolated pipe pile test.

Then, these soil properties were held constant in

subsequent analyses of the response of the larger diameter drilled shafts.

Theses

analyses make it possible to compare the accuracy of the various computer models and
to evaluate the accuracy of the assumption that lateral resistance was linearly
proportional to shaft diameter.
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CHAPTER 2 - LITERATURE REVIEW
2.1 INTRODUCTION
The history and research regarding the effects of diameter size on laterally loaded
deep foundations in sand is categorized into three sections. These sections include
analytical methods used to model lateral loading on deep foundations, case histories of
laterally loaded deep foundations, and the diameter effects on lateral capacity of deep
foundations. Some of the models used to evaluate lateral loading of deep foundations
were applicable to the computer simulations used for these tests. Although the empirical
methods were useful in determining deep foundation response under lateral loading, fullscale testing produces most accurate and reliable results. There are very few, if any,
case histories on laterally loaded deep foundations in sand that address the effects
diameter has on lateral resistance.

For this reason, the analytical models, and the

diameter effects on lateral capacity of deep foundations will be the focus of this review.
However, other tests in clay or variation in diameter provide reasonable estimations for
predicting large diameter effects on lateral capacity of deep foundations.

2.2 ANALYTICAL MODELS
The most commonly used method for analyzing laterally loaded piles is the p-y
curve method. Designers have confidence in this method because the p-y curves have
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been back-calculated from full-scale lateral load tests. The problem that comes from this
semi-empirical p-y method is that the curves are based on relatively few full-scale tests
because they are expensive to perform. Thus, p-y curves for every possible scenario are
not available or known. Still, the available curves have been widely used to model
laterally loaded deep foundations and are considered reasonably accurate (Brown et al.,
1994).
The methods used in p-y method are based on the beam on elastic foundation
theory and non-linear load transfer functions, p-y curves. The p-y curves represent nonlinear springs that simulate the soil resistance to lateral loading, where p represents the
lateral soil force per unit of length and y represents the displacement of the foundation or
“beam.” The p-y method allows the user to apply p-multipliers which increase or
decrease the lateral soil resistance to account for variations due to diameter effects or
pile spacing effects. P-multipliers are a function of pile stiffness, pile spacing, load or
deflection level and soil type.
Pre-determined p-y curves for various soil types were used to model the unique
soil profile and foundation type. Some of these curves, namely those for sand, include
those used in LPILE developed by Reese et al., (1974) and those developed by O’Neill
and Murchison (1983) for API sand. These methods required inputs of friction angle (φ)
and modulus of subgrade reaction (k). Reese et al. (2000) provided correlations relating
k-values to friction angle for sand. Various input parameters vary between sand and clay
but all layers required the effective unit weight (γ’).
Under lateral loading, the critical depth at which the soil has the most impact on
lateral resistance is about 5 to 10 diameters (6 m to 12 m). Most of this depth is
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composed of sand, hence the p-y curves for sand are of most importance. As previously
mentioned, API as well as curves developed by Reese et al. (1974) were used in
determining the soil profile. Both curves produce good results in estimating the soil
resistance (p) and the only difference between them was the initial modulus of subgrade
reaction (k) and the shape function of the curves. Both the API and Reese p-y curves
will be presented here.
In order to account for diameter effects in the p-y approach, the equations used
must incorporate the diameter into the analysis. The equations used for analyzing API
sand under lateral loading are

pus = (C1 + C2b )γ ' x

(2.1)

pud = C3bγ ' x

(2.2)

where, pus is the shallow ultimate soil resistance, pud is the deep ultimate soil resistance,
C1, C2, and C3 are the coefficients determined as a function of φ’, γ’ is the effective soil
weight, x is the depth in the soil, and b is the average pile diameter from the ground
surface to x (Reese and Wang, 1996). Since the depth, x, is taken to be constant and
equal to 6 m, the only thing that changes the ultimate capacity of the soil is the diameter
of the foundation. The ultimate lateral capacity of the sand accounting for the diameter
is the smaller of Equation 2.1 and 2.2. A plot of the ultimate capacity of API sand
versus diameter for depths below the ground surface equal to 1, 5, and 10 shaft diameters
is shown in Figure 2.1. This representation demonstrates that as the diameter increases
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with some given depth, the ultimate capacity of the soil is consistent with a bi-linear
relationship. The p-y curve can then be generated by choosing deflection values and
putting them into

⎛ kx ⎞
p = Ap u tanh⎜⎜
y ⎟⎟
⎝ Ap u ⎠

(2.3)

where, A is a factor to account for cyclic or static loading, k is the initial modulus of
subgrade reaction, and y is the lateral deflection of the foundation.
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Figure 2.1. Ultimate soil capacity vs. diameter of the shaft for API Sand.
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This same relationship can be seen with the Reese p-y curves for sand. Again,
the smaller of two equations is used to compute the ultimate soil resistance per unit
length of pile, both incorporating the diameter of the shaft into the computation. These
two equations are

tan β
⎡ K 0 z tan φ sin β
⎤
(b + z tan β tan α )⎥
+
⎢
p st = γz tan( β − φ ) cos α tan( β − φ )
⎢
⎥
⎣⎢+ K 0 z tan β (tan φ sin gβ − tan α ) − K a b
⎦⎥

(2.4)

p sd = K a bγz (tan 8 β − 1) + K 0 bγz tan φ tan 4 β

(2.5)

where, pst is the ultimate soil resistance near ground surface, psd is the deep ultimate soil
resistance, α=φ/2, β=45+φ/2, K0=1-sinφ, Ka=tan2(45-φ/2), γ is the total unit weight, z is
the depth below ground surface, and b is the diameter of the shaft (Reese and Van Impe,
2001). The ultimate soil capacity is then obtained by adjusting the smaller of the
previous two equations by a cyclic or static loading coefficient, Ac (cyclic), or As
(static). Based on they type of loading, one of the following equations are used:

pult = As p s

(2.6)

pult = Ac p s

(2.7)

where, ps was determined by the smaller of Equation 2.4 or 2.5.
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A plot of the ultimate capacity of Reese sand versus diameter for depths below
the ground surface equal to 1, 5, and 10 shaft diameters is shown in Figure 2.2. Similar
to that shown by the API curve, this representation demonstrates that as the diameter
increases with some given depth, the ultimate capacity of the soil is consistent with a bilinear relationship. The p-y curve is determined by two equations, one for the initial
linear section which then transforms into the parabolic section. These two sections of
the p-y curve are represented by the following two equations respectively,

p = (k py z ) y

(2.8)

p = C y1 / n

(2.9)

where, kpy is dependent on the density of sand, y is the deflection of the shaft, C is a
function of they type of loading, the deflection, and the slope of the p-y curve, n is the
power of the parabolic section determined by the deflection and slope of the curve.
Once an appropriate soil profile had been constructed, p-multipliers were applied to
account for the effects of the large diameter of the drilled shaft on the lateral capacity of
the soil. These were back-calculated through an iterative process until the measured data
matched what was computed, which will be discussed later in the computer analysis.
One application of the analytical models is presented here. The behavior of
foundations under lateral loading is governed by the interaction between the soil and the
foundation. As will be demonstrated, Fan and Long suggest that this relationship is nonlinear. A full scale lateral load test was performed at the Mustang Island test site on a
12
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Figure 2.2. Ultimate soil capacity vs. diameter of the shaft for Reese Sand.

single pile with an outside diameter of 0.61 m. The soil profile mainly consisted of sand.
This test was then modeled using the finite element computer program PILE3D
(Thavaraj et al., 1999). The load vs. deflection curve measured from the full-scale test
and the curve computed by PILE3D are compared in Figure 2.3. The agreement between
the measured and computed curves was very good, almost exact.
The effect that the pile diameter has on the soil and lateral resistance of the pile
was also investigated. Using the same computer program, PILE3D, three models were
created with the diameter of the pile set to 0.3, 0.61, and 1.2 m but with pile stiffness and
13

soil properties unchanged. The normalized soil resistance (p/σ’ x D) vs. normalized
deflection (y/D) curves for the different diameter pile models are shown in Figure 2.4, at
depths of 1, 2, and 3 m,. After normalizing the resistance by the diameter, the lateral soil
resistance in each of the three graphs is relatively similar. These results from the finite
element modeling of piles in sand suggest that the relationship between the ultimate soil
resistance and pile diameter is not a linear relationship with pile diameter.

Figure 2.3. Computed and measured load vs. deflection curves for the Mustang Island pile lateral
load test (Fan et al. 2005).
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Figure 2.4. Normalized soil resistance vs. normalized deflection at various depths for various
diameter piles (Fan and Long. 2005).
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2.3 DIAMETER EFFECTS
Relatively few full-scale lateral load tests have been performed to investigate the
influence of foundation diameter on lateral resistance. Lutenegger and Dearth (2000)
conducted lateral load tests on four drilled shafts with diameters of 0.15, 0.3, 0.46, and
0.61 m imbedded in a stiff clay profile. A stiff silty-clay fill was overlying a thick
deposit of Pleistocene lacustrine varved clay. The topmost section of this thick layer
developed into an overconsolidated crust formed from surface erosion, desiccation, and
changes in groundwater. The thick layer of stiff clay below the crust was composed of
alternating silt and clay layers about 2 to 8 mm thick.
The drilled shafts were laterally loaded with load increments of 5 to 10% of the
estimated ultimate capacity. Loading was held for approximately 16 minutes or until the
shafts deflected about 10% of the shaft diameter. Regrettably, this type of test has yet to
be completed in a cohesionless profile. A comparison of the load vs. deflection curves
for the four different diameter shafts is shown in Figure 2.5. The study conducted by
Fan et al. (2005) produced results differing from those presented by Lutenegger and
Dearth (2000). Recall that Fan found a non-linear relationship between lateral resistance
and diameter. The curves clearly show that the lateral capacity increases as the diameter
increases and that the load versus deflection relationship is based on the diameter of the
shafts. In order to determine whether the relationship is linear or non-linear, the load
must be normalized by the diameter. Curves for normalized load versus deflection for
the different diameter sizes are shown in Figure 2.6. It can be seen that since the curves
match relatively well, the lateral load increases approximately linearly with the increase
in diameter. These results are limited however, because the drilled shafts all had a
16
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Figure 2.5. Load vs. deflection for varying diameter of drilled shafts, (Lutenegger & Dearth, 2000).
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Figure 2.6. Normalized load versus deflection of drilled shafts, (computed from Lutenegger &
Dearth, 2000).
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length of only 1.52 m (4.98 ft) the length to diameter ratios were small, ranging from 2.5
to 10. Unfortunately, the contribution of lateral resistance provided by the soil relative
to that provided by the concrete foundation was not identified.
Lateral load tests were performed by Dunnavant and O’Neill. (1989) on three
different types of piles with varying diameter at the University of Houston Foundation
Test Facility. The soil type consisted of saturated overconsolidated stiff clay. The three
piles included a 0.273 m diameter steel pipe pile driven open-ended driven, a 1.22 m
diameter steel pipe pile driven open-ended, and a 1.83 m diameter bored pile composed
of reinforced concrete. The 0.273 m diameter pile plugged during driving whereas the
1.22 m diameter pile did not. The load versus deflection curves from each of the tests
performed on the different piles are shown in Figure 2.7. Although the purpose of these
tests was to establish a p-y model to represent submerged overconsolidated stiff clay
behavior under lateral loading, the test provides a good comparison between piles with
varying diameter. It can be seen that as the diameter increases for piles laterally loaded
in clay, so does lateral resistance of the pile.
The last full-scale tests that evaluate the effect of diameter on lateral resistance
were performed at the interchange of the Interstate Highways 105 and 405 in
Hawthorne, California by Janoyan et al. (2004). Three separate drilled shafts with
diameters of about 0.9 m (2.5 ft) were installed in a stiff clay profile and then laterally
loaded. Results indicated that at low displacements, the side friction of the shaft was
developed early on, which provided most of the soil lateral resistance. At large
displacements, the normal stresses developed and the soil provided additional lateral
resistance. This is significant in that Janoyan suggests that large diameter shafts could
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Figure 2.7. Lateral load vs. deflection curves for three different diameter piles tested at the
University of Houston Foundation Test Facility, (Dunnavant et al. 1989).

have added capacity from side friction, which has not been explicitly incorporated into
current design models. This theory of lateral soil resistance can be represented in Figure
2.8, where the normal stress (Q) is equivalent to the lateral resistance typically attributed
to the soil, and the side shear force (F) is equivalent to the suggested additional capacity.
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Figure 2.8. The two components of soil lateral resistance, (after Smith and Slyh 1986).

2.4 CONCLUSIONS AND LIMITATIONS FROM
PREVIOUS STUDIES
The p-y curve shape models developed by Reese et al. (1974) and O’Neill and
Murchison (1983), discussed previously assume that the lateral soil resistance in both
sand and clay increases bi-linearly as the pile diameter increases.

Finite element

modeling of piles in sand conducted by Fan (2005) suggests a non-linear relationship
between soil resistance and pile diameter. The full-scale field test data has generally
been extremely limited (only two test cases) and has only involved stiff clays. Tests
conducted by Lutteneger (2000) suggest a linear relationship while those conducted by
Dunnavant (1989) does not specify what type of relationship exists but simply indicates
that lateral resistance does increases with diameter.
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No full-scale lateral load tests have been performed in a sand profile to evaluate
the effect of pile diameter on lateral resistance. Ideally, lateral load tests would be
performed on several different diameter piles composed of material with the same
strength properties located in the same soil profile. However, because no test results of
any kind are presently available, any full-scale tests involving different diameter piles in
a sand profile would be helpful. Therefore, the field tests presented in this thesis provide
the first tests of their kind which can help answer questions regarding the effect of pile
diameter on lateral resistance. As a result, these tests are particularly valuable in that
they will make it possible to evaluate widely used computer models. The computer
models used to model two drilled shafts in sand in this thesis are just a few additional
methods to those already mentioned.

The effects of the large diameter on the

relationship between soil and shaft lateral resistance was considered and compared to
those found from previous case histories.
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CHAPTER 3 - GEOTECHNICAL SITE
CHARACTERISTICS
3.1 SITE DESCRIPTION
The site location is an important contributor to successful testing and results.
The site, 300 meters on the north side of the Salt Lake International Airport, was chosen
because of its convenience and desirable attributes. Some of these attributes include,
previous testing results and site characterization, along with accessibility and security.
There has previously been extensive geotechnical investigation conducted at the site.
The data obtained from these past tests have yielded a detailed description of the
underlying soil profile, which is helpful for analyzing the test results of the pile groups
and drilled shafts. Because of the magnitude of the testing it was essential to visit the
site repeatedly. Salt Lake City is relatively close to Provo making it easier to set up and
return later for continued testing. The topography is relatively flat and open, making
access and maneuverability of testing equipment easy. Finally, since the test site is
within the boundaries of the airport, security is high and the potential for theft at the site
is low.
An aerial view of the complete test site including prominent landmarks taken in
October 8, 1998 is shown in Figure 3.1. Laterally loaded drilled shaft and pile group
tests have been conducted at this location multiple times. The first of these tests was
installed in the summer of 1995 and composed of a 3x3 free-head pile group spaced at
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2.82 pile diameters, driven about 15 meters east of the 15-pile group. The 15-pile group
loaded against the drilled shafts, discussed in this chapter, was installed simultaneously
with another 3x3 pile group spaced at 5.65D in the summer of 2002. This pile group
will be discussed in Section 5.1. The top layer in the soil profile which consisted of 1.5
m (5 ft) dense sandy gravel fill, prior to installing these additional pile groups, was
excavated. Since these two groups were to be tested in clay, which composed the
majority of the soil profile, this sandy gravel fill had to be removed in order to prevent
distorted results.
An additional 0.91 m (3ft) of clay was removed from around these two groups
once testing was complete on these two pile groups in clay. Washed concrete sand was
then placed as backfill to equate the ground surface with the surrounding terrain. The
water table level was observed to be 2.13 m (7 ft) during the excavation process and
after the sand was placed. This produced a layer of sand 2.4 m (8 feet) thick around the
pile groups at the top of the profile. Reese and Van Impe (2001) suggest that soils
closest to the ground level most significantly influence pile-soil interactions due to
lateral loads. The soils closest to ground level range from 5 to 10 pile diameters in
depth, (1.5 to 3 m (4.9 ft to 9.8 ft) in the case that piles are used and 6.1 to 12.2 m (20 to
40 ft) for the drilled shafts). Therefore, the lateral response for the pile groups would be
governed immensely by the properties of the sand surface layer. Due to the large
diameter of the shaft, the lateral response still extends into the clay layer. The tests done
on the two pile groups took place two years before the top layer of soil had been
removed and the next test in sand was done. This gave the piles a chance to relax back
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Figure 3.1. Aerial Photograph of Salt Lake City Airport and Site Location (USGS 1998).
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to their original driven positions, before any residual displacement due to previous
testing had occurred.
Manual backfilling was performed around the 15-pile group in average lifts of
about 0.203 m (8 in). Each lift in close proximity to the pile group was compacted using
a “Jumping Jack”-type compactor with a 280 x 330 mm (11 x 13 in) shoe size which
delivered an impact force of 14.7 kN (3300 lb) at a rate of 700 blows per minute. A
front-end loader was used to backfill around the drilled shafts and the 9-pile group. Lifts
around the drilled shafts and the 9-pile group were much thicker than those around the
15-pile group, averaging around 0.36 m (14 in). Since the backfill was sand which,
allowed for adequate drainage, the backfill was wetted down between lifts to facilitate
denser compaction.

Backfill material properties are described in Section 3.3.

Backfilling was conducted on two different days, each day using a different method for
compaction. The first method applied a compactor attachment on the arm of a track-hoe,
which was used for all compacting around the 9-pile group on the first day. The second
method used on the second day to compact the 9-pile group incorporated the “Jumping
Jack” compactor previously used for the 15-pile group.
Subsequent to the compaction of each lift, a nuclear density gage was used to
determine the percentage of relative compaction, dry density, wet density, and moisture
content of each lift. Results from the nuclear density tests are provided in Table 3.2 and
Table 3.3 for the two drilled shafts and the 9-pile group, and 15-pile group, respectively.
Discussion of compaction will be discussed in further detail later in this chapter.

26

3.2 GEOTECHNICAL INVESTIGATION HISTORY
A large amount of data is available regarding the soil profile of this test site, due
to the numerous shaft and pile tests performed at this location. In 1995 a rigorous soil
investigation was conducted by Peterson (1996). Information concerning the subsurface
soil conditions of the test site were obtained from this investigation and included cone
penetrometer (CPT) testing, pressuremeter (PMT), standard penetration (SPT) testing,
testing, and vane shear (VST) testing. Additional CPT soundings were performed in
1998. Laboratory tests were also conducted at this time and included analysis of particle
size distribution, Atterberg limits, soil classification (USCS), shear strength, and
consolidation properties. Laboratory test results are discussed in Section 3.3 and results
from in-situ tests are discussed in Section 3.4.
Preceding 1998, site investigations focused primarily on the area in close
proximity to the 3x3 pile group first installed at the test site. After the additional pile
groups were driven and the drilled shafts were installed, 2003 site investigations focused
on the area surrounding the drilled shafts and the new pipe pile groups. Included in
these investigations were three additional CPT soundings, two drilled holes, and multiple
soil samples obtained using hand augers at two different locations. Laboratory tests
were also conducted at this time and included analysis of particle size distribution,
Atterberg limits, soil classification, and shear strength tests. The locations of all of the
soil tests conducted at the test site are shown in Figure 3.2.
Additional soil testing was required to assess near surface soil conditions because
past geotechnical tests focused on the soft soils below depths of 1.5 m (5 ft) and also
because surface layers were excavated and replaced for the tests discussed here in. These
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tests, conducted in 2004 and 2005, focused on the drilled shafts and the second set of
pile groups installed at the test site. In-situ tests, including the nuclear density gauge
readings discussed above, were conducted for the backfilled sand. Laboratory tests also
conducted at this time and included analysis of particle size distribution, soil
classification, and modified proctor density tests. These tests focused on the sand
backfill that raised the ground level of the test-site back to the elevation of the
surrounding terrain.

3.3 LABORATORY TESTS
All laboratory tests were conducted at the Brigham Young University soils lab.
Laboratory tests included particle size distribution, Atterberg limits, soil classification,
shear strength tests, and modified proctor tests. All tests were conducted in accordance
with applicable ASTM standards.
Since previous investigations provide substantial data attributed to these soils
below 2.4 m (8 ft), no additional laboratory tests were performed in 2005. All laboratory
tests were performed on material that was backfilled around the drilled shafts and pile
groups in order to classify the upper layers of the soil profile.

3.3.1 Index Properties

Boundary grain-size distribution curves are presented in Figure 3.3 for the
backfill sand along with upper and lower bounds for concrete sand specified by ASTM
C-33. The curves indicate that the backfill is a fine to medium grain sand with a sub29

rounded shape. Indicated by Figure 3.3 the mean grain size (D60) for the sand is 1.1 mm,
the coefficient of uniformity (Cu) is 10.0 and the coefficient of gradation (Cc) is 1.8.
Normally, washed concrete sand is typically classified as SP according to the unified soil
classification, but due to an elevated amount of fine sand the backfilled sand for this test
was classified as SW material. Most backfilled material falls easily between ASTM C33 specified upper and lower bounds except at small diameters as previously noted.
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Figure 3.3 Grain-size distributions for backfilled sand compared to ASTM C-33 specified upper
and lower bounds for concrete sand (Walsh 2005).

Index properties and soil classifications are presented in Table 3.1. Note that
surface soil data were obtained from sample H-05-S while data for all other layers were
obtained from sample H-03-S.
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Table 3.1 Grain size distribution, Atterberg limits, & soil classifications for hand samples H-05-S
(uppermost layer) and H-03-S (all other layers).
Depth
Below
Ground
Surface
(m)
0
2.74
3.04
3.35
3.65
3.96
4.26
4.57
4.87
5.18
5.33

Natural
Moisture
Content
( %)
-36
30
33
30
31
27
32
31
30
26

Grain Size
Distribution
Sand
( %)
95
38
38
61
24
22
38
41
62
67
71

Fines
( %)
5
62
62
39
76
78
62
59
38
33
29

Atterberg Limits
Liquid
Limit
( %)
N/A
24
23
N/A
25
N/A
24
N/A
N/A
N/A
N/A

Plasticity
Index
( %)
NP
1
3
NP
3
NP
3
NP
NP
NP
NP

Classification
(USCS)

Well graded clean sand (SW)
Sandy Silt (ML)
Sandy Silt (ML)
Fine Sand w/ Silt (SM)
Sandy Silt (ML)
Sandy Silt (ML)
Sandy Silt (ML)
Sandy Silt (ML)
Silty Sand (SM)
Silty Sand (SM)
Silty Sand (SM)

3.3.2 Shear Strength Tests

Numerous tests were conducted to establish the shear strength of the soil at the
test site. All laboratory shear strength tests were conducted on material below 2.4 m (8
ft) in the soil profile, although an in-situ shear strength test was performed on backfilled
sand (discussed in the next section). Unconsolidated-undrained (UU) triaxial tests were
performed on samples obtained from borings DH-02, DH-96-W, and DH-03. Pocket
torvane shear tests were also performed on material from boring sample DH-96-W.
Additionally, unconfined compression tests were conducted on boring sample DH-03.
While previous tests presented that soils near ground surface had unusually high
shear strengths, these materials were removed and replaced with sand. For soils that
ranged from 3 to 10.5 m (10 to 34 ft) below ground level, shear strength (Su) varied
between 25 to 60 kPa (500 to 1300 psf) and increased linearly with depth. These triaxial
tests were used to determine ε50 (strain at which 50 percent of the shear strength is
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mobilized). For soft clay, these values are required for computer modeling of laterally
loaded piles accomplished using the programs LPILE, SWM, and FB-MULTIPIER.
Values for ε50 are provided in Table 7.1.

3.3.3 Modified Proctor Density Test

Two modified proctor density tests were performed on the backfilled sand.
Figure 3.4 shows the results for both tests. Dry unit weights relating to all moisture
contents averaged about 17.5 kN/m3 (111 lb/ft3) with minimal scatter. Peaks in the
compaction curve would typically be expected indicating the moisture content required
to achieve maximum unit weight. Since the data shown in Figure 3.4 remains mostly
horizontal for all moisture contents tested, maximum unit weight of compaction is
generally independent of moisture content for ranges between 5 and 12 percent.

3

Dry Unit Weight (kN/m )

20.0
18.0
16.0
14.0
1st Proctor Test
2nd Proctor Test

12.0
10.0
0.0%

2.0%

4.0%

6.0%

8.0%

10.0%

12.0%

14.0%

Moisture Content, w (% )
Figure 3.4 Results for modified proctor tests conducted on backfilled sand from the test site (Walsh
2005).
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3.4 IN-SITU TESTS
3.4.1 Nuclear Density Gauge Testing

A detailed description of the backfilling process and the associated nuclear
density gauge testing was provided in Section 3.1. Testing was performed between each
lift at various locations around the test site. Additionally, each lift was tested in more
than one location. For brevity and clarity, these locations have not been indicated in
Figure 3.2. Results from the nuclear density gage test are provided in Table 3.2 and
Table 3.3. Compaction was obtained from this test and averaged around 92.5 percent of
modified Proctor maximum density for the entire site with a standard deviation of about
1.5 percent. Note that all values have been recorded, therefore multiple values are
provided for some depths. Variations between soil surrounding each pile group is not
likely due to moisture content but rather to varying compactive effort and lift thickness.

3.4.2 Cone Penetrometer Testing (CPT)

Seven CPT soundings have been recorded at different locations on the test site
over the past nine years. In 1996 two soundings were conducted and two more in 1998.
Both sets of tests were in close proximity around the original 3x3 pile group. Following
the installation of the second and third pile groups with placement of the drilled shafts,
three more soundings were recorded in 2003. Each of these soundings corresponded to
one of the new deep foundations installed in 2003: one next to the drilled shafts, one
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Table 3.2 Nuclear density gauge data collected while backfilling of the drilled shafts and the 9-pile
group.
Depth
Below
Ground
Surface
(m)
0.2
0.2
0.2
0.6
0.6
0.6
0.6
0.9
0.9
1.3
1.8
1.8
2
2

Location
Within Pile
Group

Average
Average
Relative
Dry
Compaction Density

Average
Wet
Density

Average
Moisture
Content

South
North
West
North
East
South
West
South
North
South of Shafts
North of Shafts
South of Shafts
South East
North West

(%)
92.3
93
92.1
92.8
93.7
94.2
93.8
90.1
92.5
92.5
94.7
92.5
87.6
90.6

(kN/m3)
16.1
16.2
16.1
16.2
16.3
16.4
16.4
15.7
16.1
16.1
16.5
16.1
15.3
15.9

(kN/m3)
17.1
17.2
17
16.9
17.1
17
17.2
16.6
17.1
16.8
17.3
16.7
16
16.6

(%)
6
5.9
5.6
4.2
4.7
3.8
5.3
5.7
6.3
4
4.6
3.5
4.7
5.7

Mean
Standard Deviation

93
1.7

16.2
0.3

17
0.3

5
1

sounding adjacent to the 15-pile group, and one next to the 9-pile group. These tests
included measurements for tip resistance (qc), sleeve friction (fs), and pore water
pressure (u).
The initial CPT test (CPT-96-W) was performed by RB&G Engineering with an
electric cone mounted drill rig. Measurements were recorded manually every 100 mm
(3.9 in). The CPT-96-SE test was performed by Alta-Geo, Inc. with a 180-kN (20-ton)
truck mounted piezo-cone. An electronic data collection system recorded measurements
every 10 mm (0.4 in). ConeTec, Inc. conducted the five tests between 1998 and 2003
using a 180-kN truck mounted electric cone. Data was recorded at 50 mm (2.0 in)
increments using an electric data acquisition system.
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Table 3.3 Nuclear density gauge data collected during backfilling of the 15-pile group.
Depth
Below
Ground
Surface
(m)
0.1
0.2
0.2
0.2
0.4
0.4
0.5
1
1.4
1.7
1.7
1.7
1.8
1.9

Average
Location
Relative
Within Pile
Compaction
Group

Average
Dry
Density

Average
Wet
Density

Average
Moisture
Content

South West
North
Single Pile
South East
Single Pile
East
South
North
South East
South West
North W est
South East
North W est
South East

(%)
91
91.6
90.6
93.6
93.9
93.4
93.7
94.3
92.6
94.6
92.4
95.5
93.6
93.7

(kN/m3)
15.9
16
15.8
16.3
16.4
16.3
16.3
16.4
16.1
16.5
16.1
16.7
16.3
16.3

(kN/m3)
17.1
17.2
16.8
17.6
17.3
17.5
17.3
17.4
17
17.4
17
17.4
17.4
18.2

(%)
7.6
7.7
6.6
7.6
5.8
7.5
5.9
5.7
5.5
5.4
5.7
4.6
6.5
11.6

Mean
Standard Deviation

93.2
1.4

16.2
0.2

17.3
0.3

6.7
1.7

The two CPT tests performed in 1996 are compared in Figure 3.5 while Figure
3.6 does the same for the two 1998 tests. The three tests conducted in 2003 are
compared in Figure 3.7. Figure 3.8 shows data for the three tests conducted nearest the
15-pile group. CPT-96-W, CPT-98-W, and CPT-03-S are included in these tests. Note
that data begins below 2.4 m (8 ft) for tests performed from 1996 through 2003. This
depth correlates to the extent of which original material was removed and replaced with
sand.
Soil profiles outlined in Table 3.1 agree fairly well with the interpreted soil
profiles. Soils ranging from depths of 2.44 to 3.35 m (5 to 11 ft) below ground surface
were classified as silts and sensitive fines, based on the interpreted CPT soundings.
Soils ranging from depths of 3.35 to 4.57 m (11 to 15 ft) were classified as sandy silts.
Sandy silts interspersed with sand layers classified the remaining soil profile.
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Figure 3.5 Comparison of measured results from two CPT soundings performed in 1996 (Peterson, 1996).
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Figure 3.6 Comparison of measured results from two CPT soundings performed in 1998 (Walsh, 2005).
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Figure 3.7 Comparison of measured results from three CPT soundings performed in 2003 (Walsh, 2005).
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Figure 3.8 Comparison of results from three different soundings performed at different times around the 15-pile group.
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Dynamic CPT tests were also done on the backfill excavation on October 22,
2005. Twelve tests were done around the 9-pile group shown in Figure 3.9. This test
was mainly done to determine the difference between densities of the soil in the front,
middle, side, or back of the pile group. Reasons why the densities would be different is
because different compaction methods were used for sand around the middle piles than
for the sand around the outer piles. A jumping jack was used to densify the soil around
the inner piles, where a track hoe was used on the soil around the outer piles. Due to the
limited access to the inner piles, a track hoe would not fit in between the piles. The
results from the test indicated that the sand around the middle piles is denser than the
sand around the outer piles.

3.4.3 Pressuremeter Testing (PMT)

Two types of pressuremeter tests were performed at the test site in 1996, prebored and push-in. Using the strain-controlled approach, four pre-bored PMT tests were
conducted at PMT-96-1. The tests were conducted using the Rocktest TEXAM model
control unit with the NX size probe with a length to diameter ratio of 7.5. Data was
recorded with the center of the probe at depths of 2.1, 3.5, 4.6, and 5.2 m (7, 11.5, 15,
and 17 ft). A standard tri-cone bit cased 1 m (3.3 ft) above the end of the probe was
used to drill the holes in all four tests. Procedures were in accordance with ASTM D4719-87.
Correlations developed by Briaud (1992) and Baguelin et al. (1978) were used to
classify soils.

Cohesive soils had medium densities where the layers below were

specified as dense to medium dense sands. Materials 3.5 m (11.5 ft) below ground level
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Figure 3.9. Location of dynamic CPT tests done around the 9-pile group.

were normally consolidated while all other layers were categorized as overconsolidated
materials. These results vary from results obtained from other tests and so may be
unreliable. Two correlations from Briaud (1992) were used to determine undrained
shear strengths (Su) but were slightly lower than those found from the triaxial and VST
tests as shown in Figure 3.10.
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Figure 3.10 Shear strength of soils at various locations and depths at the test site (Walsh, 2005).

A push-in PMT test was performed with readings at depths 2.2, 3.1, and 4.0 m
(7.2, 10.2, and 13.1 ft) below ground level at PMT-96-2. Procedures were in accordance
with ASTM D-4719-87. It is believed that the method of insertion better mimics the
installation of driven piles; however, data collected from this test was not interpreted due
to the non-applicable correlations.
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3.4.4 Standard Penetration Testing (SPT)

Only on sands was the SPT testing performed at the location designated DH-96W in Figure 3.2. A standard 64/51 mm (OD/ID) split-spoon sampler was driven by a
622 N (140 lb) hammer dropped from 760 mm (30 in). Corrected blow counts generally
ranged between 20 and 45. These blow counts indicate sand layers that are dense to very
dense, according to correlations by Kulhawy and Mayne (1990). Contrasting this,
Terzaghi and Peck (1967) correlations designate these layers as medium to dense.

3.4.5 Vane Shear Testing (VST)

Vane shear tests were conducted at DH-96-W. Measured shear strength (Su)
values were corrected for plasticity index (PI) using the method provided by Bjerrum
(1972). Clays with medium strength were indicated by corrected values typically ranged
from 20 to 60 kPa (420 to 1250 psf). One extreme case was indicative with the In-situ
strength of 110 kPa (2300 psf) at 2.7 m (9 ft) below ground surface.
Shear strengths for soils at various locations and depths across the test site are
shown in Figure 3.10. Tests with their correlating results are also indicated. Variations
in layer type and thickness from one location to another as well as differences inherent
between test types are plausible reasons for variations in results.

3.5 IDEALIZED SUBSURFACE PROFILE
A composite soil profile constructed from findings for all soil tests conducted at
the test site is shown in Figure 3.11. Based on observations made during excavation and
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backfilling, the water table in this profile is located 2.13 m (7 ft) below ground surface.
Results from laboratory tests conducted in 2003 (Table 3.1), composite CPT soundings
nearest the 15-pile group (Figure 3.8), and an idealized soil profile constructed by
Peterson (1996) (included as Figure 3.12) all provide primary influence on this profile.
Overall good agreement exists between the various results, despite small discrepancies
between these sources.
Discrepancies include 2003 lab results finding a higher content of sand for the
upper clay layer than did the evaluation conducted in 1996.

Computer modeling

software used for comparison purposes (discussed in Chapter 7) required a soil profile,
thus the soil profile provided in Figure 3.11 was eventually input (with modifications).
The top 2.44 (8 ft) of the soil profile composed of backfilled concrete washed sand,
followed by a one meter (3.3 ft) thick lean clay layer underlain by an additional meter of
sandy silt. Up to a depth of about 13 m (43 ft) alternating layers of silt and sand
complete the profile, the largest of which is a 2.4 m (8.2 ft) thick poorly graded sand
layer about. The drilled shafts extend to a depth much deeper than the soil profile shown
because only the upper 5 to 10 diameters in depth (6.1 to 12.2 m [20 to 40 ft]) has the
greatest effect on lateral resistance.

Engineering properties for each soil layer are

presented along with subsequent analysis results in Table 7.1 in Section 7.2.4.
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Figure 3.11. Idealized soil profile used in computer modeling, (modified from Walsh 2005).
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Figure 3.12. Idealized soil profile modified from test results for drill hole DH-96-W (Peterson, 1996).

CHAPTER 4 - VIRGIN LATERAL LOAD TEST OF 1.2 M
DRILLED SHAFT
4.1 INTRODUCTION
A lateral load test on two drilled shafts was performed and compared against the
results from the 15-pile group test to evaluate diameter effects. The pile group had a 3x5
pile configuration with a 3.92 pile diameter (3.92D) center-to-center spacing between the
rows in the direction of loading. This group was loaded against the drilled shafts which
were positioned on the North side of the pile group. The test layout, instrumentation,
test procedures, and test results will be discussed for the drilled shafts in this chapter.
The test results from the 15-pile group test, as discussed by Walsh (2005), will also be
compared to the results from the drilled shafts.

4.2

TEST LAYOUT AND FOUNDATION PROPERTIES

On the 26th and 27th of June 2002, twenty-six piles were driven into the soil
following excavation of the 1.5 m layer of gravel fill. The twenty-six piles were split up
into two pile groups with an accompanying isolated single pile for each group. The two
drilled shafts were installed between July 26th and July 31st. The hole for the east shaft
was drilled on July 25th, 2002, while the rebar cage and concrete were placed on July
26th, 2002. The hole for the west shaft was drilled on July 29th, 2002, and the rebar cage
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and concrete were placed on the same day. Capblocks 0.6 m high and 1.22 m square in
plan were placed atop each drilled shaft on July 31st, 2002. The complete layout is
displayed in Figure 4.1.
Fifteen piles comprise the 3x5 group south of the drilled shafts. Nine piles
comprise the 3x3 group of piles north of the drilled shafts. The two single piles were
installed west of the 15-pile group and 9-pile group but only the pile closest to the 15pile group was actually tested and used. Figure 4.2 provides details regarding the layout
of the drilled shafts relative to the 15-pile group including the companion single pile.
Details about the 9-pile and single pile test will be included in Section 5.1 and Section
6.2, respectively.
The centers of the two drilled shafts are located approximately 7.92 meters (26
feet) from the center of the northernmost row of the 15-pile group as shown in Figure
4.2. The piles were organized into five rows of three piles. Piles were spaced at a
distance of 3.92 pile diameters or 1.27 m (50 in) on centers in the direction of the
loading. Piles were spaced at a distance of 3.29 diameters of 1.07 m (42 in) on centers
perpendicular to the direction of loading.
Figure 4.3 and Figure 4.4 show plan and profile views of the load set up. Two
1.34 MN (150 ton) hydraulic jacks loaded the drilled shafts against the 15-pile group.
The loads applied by the hydraulic jacks were located 0.51 m (20 inches) and 0.46 m
(18.25 inches) above the ground surface for the west and east drilled shafts, respectively.
A Powerteam pump unit with a maximum pressure of 69,000 kPa (10,000 psi)
was required to power these jacks. The hydraulic jacks were positioned between the
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Figure 4.1. Test Layout including drilled shafts, two pile groups, and two single piles. (Walsh, 2005).
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Figure 4.2 Test Layout including drilled shafts, 15 pile group, and the single pile (Snyder, 2004).
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drilled shafts and a loading beam (W760x284 [AISC Shape W30x191]) placed beside
the two drilled shafts. This set up is shown in Figure 4.3 and Figure 4.4. Eccentric
loading was prevented by placing hemispherical swivel heads between each jack and
their corresponding drilled shaft and between each jack and the beam.
A load frame was also constructed to transfer the load from the hydraulic jacks to
the individual piles. Eight Dywidag bars connected the beam adjacent to the drilled
shafts to the frame that surrounded the 15-pile group. These bars consisted of #9
threadbars (32 mm [1 ¼ in] diameter) with a yield strength of 517,000 kN/m2 (75,000
psi). The load path begins on one end in the drilled shafts, travels through the loading
beam, through the Dywidags, through the load frame, through each pile’s load cell, and
lastly into each pile.
Lateral translation of the loading system with minimal frictional resistance was
facilitated by the wheels welded to the bottom of both the load frame (connected to the
pile group) and the load beam (adjacent to the drilled shafts). The runners for the wheels
were provided by the W-shaped beams placed on the ground with the web flat on the
ground.

4.2.1 Pile Construction

The single piles were 324 mm (1.1 ft) diameter steel pipe pile driven closedended to a depth of approximately 12.8 m (42 ft). The east and west drilled shafts, each
with a diameter of 1.2 m (48 in), originally extended to depths below the ground surface
of 16.76 m (55 ft) and 21.34 m (70 ft), respectively. They are spaced 3.66 meters (12 ft)
apart center-to-center in the direction transverse to loading and separate the two pile
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Figure 4.3 Plan view of the loading system of drilled shafts and 15-pile test set up (Snyder, 2004).
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Figure 4.4 Profile of Drilled Shafts and 15-pile test set up as viewed from the east (Walsh, 2005).

groups, one group being North and the other South. In addition to serving as reaction
foundations for the lateral pile group tests, the drilled shafts were also monitored as test
piles. The tests on the 0.324 m pipe pile and the 1.2 m drilled shaft make it possible to
investigate pile diameter effects on lateral resistance in a sand profile.

4.2.2 Shaft Construction

The two shafts were originally constructed using the oscillating casing method in
which a 1.2 m diameter steel casing (31.8 mm thick) is jacked and twisted into the
ground rather than being driven into place. A photograph of the oscillator casing and the
Leffer model ZRM-1500 oscillator rig during construction is shown in Figure 4.5. The

Figure 4.5. Oscillator Casing and Ring.

54

hydraulic rams on the sides of the oscillator ring can produce a total downward force of
244.7 kN, a total pull-out force of 4448.2 kN, and have a stroke of 0.3 m. The twisting
action is provided by additional hydraulic rams with a stroke of 120 degrees. Once the
casing was in place, a Soilmec model 518 drill rig was used to excavate the soil from
inside the casing as shown in Figure 4.6. As indicated previously, the drilled shafts were
initially drilled from the base of a 1.5 m (5 ft) deep excavation. Because of artesian
water conditions in some of the deeper sand layers, it was necessary to fill the casing
with water to prevent upward heaving of the sand in these layers. Subsequently, the
reinforcing cage was placed and concrete was pumped through a tremie pipe to the
bottom of each test shaft as shown in Figure 4.7 and Figure 4.8. The concrete was
maintained 1 m above the base of the tremie pipe to prevent contamination. Figure 4.9
shows that as concrete was placed, the oscillator casing was removed.

Prior to

conducting the tests described in this thesis, the two shafts were extended upwards a
distance of 1.5 m (5 ft) to the original ground surface at the top of the fill. The concrete
in the existing shaft was jack-hammered away to expose the reinforcing steel cage and
then reinforcing bar extensions were lap welded to the existing bars.
A 1.22 m (4 ft) inside diameter circular cardboard form (Sonotube) was then
positioned around the reinforcing cage and concrete was placed in the form. At the top
of the drilled shaft, a reinforced concrete cap block was constructed to serve as a loading
block. This cap block was 0.64 m high and 1.22 x 1.22 m square in plan and is shown in
Figure 4.10. The base of the cap block of the east shaft was flush with the ground
surface while the cap of the west shaft was actually 0.025 m (1 in) above the ground
surface. Therefore, total lengths of the west and east shafts, including the pile cap, after
55

Figure 4.6. Soilmec Drill Rig Excavating Soil within Casing.
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Figure 4.7. Placement of Reinforcing Cage.
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Figure 4.8. Tremie Concrete Placement.

Figure 4.9. Completion of Concrete Placement and Removal of Casing.
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extension were 17.43 m (57.19 ft) and 21.96 m (72.05 ft), respectively. Analyses are
described in Chapter 5 which evaluate the effect that this difference in length may have
had on the computed load-deflection curve for a pile groups.
A 70 mm (2.75 inch) outside diameter inclinometer tube used for inclinometer
measurements was built into each drilled shaft and extended 15.84 m (52 ft) below
ground surface. The tube sticks up 0.68 m (26.75 inches) above the top of the pile cap
for the west shaft and 0.61 m (24 inches) for the east shaft. An elevation view of the two
drilled shafts is shown in Figure 4.11 and Figure 4.12.
There are two sections of longitudinal and transverse reinforcement for the
drilled shafts. The first section is composed of 18 # 11 longitudinal bars enclosed by the
transverse reinforcement with a # 5 bar spiral at a 75 mm (3 inch) pitch. The second
section of reinforcement is composed of 9 # 11 bars enclosed by a # 5 bar spiral at a 250
mm (12 inch) pitch. Due to the 1.5 m length added to the drilled shafts, an extra five
feet of reinforcement was also added to the top section as described previously. This
was done by lap welding 1.5 m length rebars to the existing 18 # 11 longitudinal bars
and extending the # 5 bar transverse spiral reinforcement. The first reinforcement
section extends from the ground surface to a depth of 10.67 m (35 ft) below ground
surface. The second section of reinforcement starts where the other reinforcement was
cut (10.67 m) and extends to a depth of 16.67 m. The total length of the second section
of reinforcement for both shafts is 6.1 m (20 ft). As a result, approximately 5 m (15.3 ft)
of the east shaft is not reinforced. As will be discussed subsequently, most of the
deflection and bending of the shafts occurs in the upper portion; therefore, the unreinforced section likely has little effect on the performance of the east shaft. The
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Figure 4.10. Cap Block of Drilled Shafts.
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Figure 4.11 Elevation view of the west drilled shaft.
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Figure 4.12 Elevation view of the east drilled shaft.
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longitudinal reinforcement must be confined by the transverse reinforcement which is
enclosed and confined by a minimum concrete cover. A constant concrete cover of 0.12
m (4.83 inches) on the outside of the transverse bars protects the reinforcing cage from
environmental effects, spalling, and corrosion. It also provides for additional strength
within the shaft. The final outside diameter of 1.21 m (4 ft) includes this 0.12 m of
concrete cover. Cross sections for both the first (upper) and second (lower) sections are
illustrated in Figure 4.13 indicated by sections a and b.

4.3 SHAFT QUALITY EVALUATION
The compressive strength of the concrete in the shafts was determined using the
Schmidt hammer test and the compression test.

Both of these tests provide the

compressive strength of the concrete sample of interest.

Compression testing was

performed on samples of concrete obtained when the drilled shafts were originally
constructed in 2002 and before the 1.5 m extensions were added to the top of the shafts.
The extension sections were tested with the Schmidt hammer test. Cross-Hole Sonic
Logging tests were also done in order to define the integrity and uniformity of the
concrete of the drilled shafts.

4.3.1 Concrete Compression Testing

Compression tests were performed on August 5, 2002, August 13, 2002, August
23, 2002, August 26, 2006, and finally on September 3, 2002 to evaluate strength gain
with time. Specimens of concrete from the two shafts were obtained by placing
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Figure 4.13 Two reinforcing cross-sections.
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concrete into cylindrical forms and tested in the lab. Specimens were also formed from
the concrete mix used for the caps but the specimens and results represent both caps,
instead of east and west caps, individually. Twelve specimens were tested the first day,
12 the second day, 5 on the third day, 6 on the fourth, and 2 on the last day, making a
total of 37 specimens. The specimens tested on the first and second day were from both
of the shafts and caps. The third day solely tested the east shaft and the fourth day tested
only the west shaft specimens. On the final day, the cap specimens were tested as well
as one final specimen from the east shaft. This data is represented in Table 4.1.

Table 4.1. Concrete samples tested on correlating days.

Day
8/5/02
8/13/02
8/23/02
8/26/02
9/3/2002

Specimens Tested
5 East, 6 West, 1 Cap
5 East, 6 West, 1 Cap
5 East
6 West
1 East, 1 Cap

The two types of cylinders tested had either a diameter and length of 0.15 m (6
in) and of 0.31 m (12”), respectively, or a diameter of 0.1 m (4 in) and a length of 0.20 m
(8 in). The first day tested a combination of these two types, the second day only the
second type, and the first type on the third, fourth, and fifth day.

The concrete

compressive strength of the specimens were obtained and averaged for each of the shafts
individually and caps. Table 4.2 shows the complete concrete compressive strength
results from the compressive test for the drilled shafts and caps. The strengths for each
specimen were averaged to obtain the final strength for the east and west shafts, and
caps. The strengths presented from this test solely apply to the drilled shafts before the
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added 1.5 m extensions. Figure 4.14 graphically shows the curing of the concrete
specimens for the shafts and the caps over time. The concrete strengths level off to
roughly the same value, indicating an overall average strength around 40 MPa.

4.3.2 Schmidt Hammer Testing

The concrete strength of the added section was obtained from the Schmidt
Hammer Test. The Schmidt hammer tests took place on October 22, 2005 and was
performed on the added 1.5 m section of the drilled shafts. The Schmidt hammer test is
based on the rebound of an elastic mass as it is propelled by a spring and impacts a
concrete surface, (Mindess et al., 2003). The harder the surface, the greater the rebound
of the mass. Once the mass has rebounded, a reading is taken, and by using a correlation
chart, the concrete compressive strength is obtained.
The correlation varies depending upon the angle at which the hammer impacts
the concrete. Since gravity affects how far the hammer mass will rebound, different
readings will result from a horizontal versus a vertical test. The hammer was applied
vertically to the tops of the caps and horizontally to the side of the shafts. A correlation
curve was used to obtain the concrete strength based on vertical or horizontal tests. The
tests include five locations on the sides of each drilled shaft as well as four locations on
the top of the caps. Before the tests could be performed, the surface of the concrete had
to be smoothed with a carborundum stone in order to eliminate any voids that might
exist at the surface of the concrete. Neglecting to do this would result in un-reliable
concrete strengths. Average results from the tests for the shafts and the caps are shown
in Table 4.3.
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Table 4.2. Compressive Test Results for Concrete Compressive Strengths

Test Sample
e1a
e2a
e2b
e1b
e3c
w1a
w1b
w2a
w2b
w3b
w3e
caps
e1c
e2d
e2e
e2f
e3d
w1d
w1e
w2d
w2e
w3c
w3f
caps
e1d
e2c
e3a
e3e
e3f
w1c
w1f
w2c
w2f
w3a
w3d
caps
e3b
Shafts
Caps

f'c (psi)
5656.33
6016.35
6835.97
5177.73
5764.96
4273.25
4084.62
3210.25
5905.60
5178.99
6390.21
5021.96
5632.76
6648.40
5808.78
5867.96
4869.02
3839.54
4650.14
6320.70
6128.50
5070.18
5703.09
5793.37
6530.05
7996.69
6073.89
7463.24
6105.98
4491.61
4490.17
7006.65
6638.54
6349.34
6718.18
5860.00
6360.00
Average (ksi)
5766.91
5558.44

f'c (MPa)
39.00
41.48
47.13
35.70
39.75
29.46
28.16
22.13
40.72
35.71
44.06
34.63
38.84
45.84
40.05
40.46
33.57
26.47
32.06
43.58
42.25
34.96
39.32
39.94
45.02
55.14
41.88
51.46
42.10
30.97
30.96
48.31
45.77
43.78
46.32
40.40
43.85
Average (MPa)
39.76
38.32
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Date Poured
7/26/02
7/26/02
7/26/02
7/26/02
7/26/02
7/29/02
7/29/02
7/29/02
7/29/02
7/29/02
7/29/02
7/31/02
7/26/02
7/26/02
7/26/02
7/26/02
7/26/02
7/29/02
7/29/02
7/29/02
7/29/02
7/29/02
7/29/02
7/31/02
7/26/02
7/26/02
7/26/02
7/26/02
7/26/02
7/29/02
7/29/02
7/29/02
7/29/02
7/29/02
7/29/02
7/31/2002
7/26/2002

Date Tested
8/5/02
8/5/02
8/5/02
8/5/02
8/5/02
8/5/02
8/5/02
8/5/02
8/5/02
8/5/02
8/5/02
8/5/02
8/13/02
8/13/02
8/13/02
8/13/02
8/13/02
8/13/02
8/13/02
8/13/02
8/13/02
8/13/02
8/13/02
8/13/02
8/23/02
8/23/02
8/23/02
8/23/02
8/23/02
8/26/02
8/26/02
8/26/02
8/26/02
8/26/02
8/26/02
9/3/2002
9/3/2002
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Figure 4.14. Concrete compressive strengths varying with time.

Based on the Schmidt hammer tests, the strength of the caps is significantly
greater than that of the shafts. On average the increased strength of the caps is about 25
to 30 percent higher than that of the shafts. Because lateral loading of the pile group
against the drilled shafts is applied directly to the caps, the caps would need to be strong
enough to withstand this type of direct loading. The concrete strengths of the east and
west shafts are very similar for the Schmidt hammer tests. The difference from the
average is typically less than ± four percent.

The east and west cap strengths also

correlate well. Comparing Table 4.3 with the strengths found in Table 4.2 shows a
considerable difference between the west shaft and the caps.
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Table 4.3. Schmidt Hammer Test for Concrete Compressive Strengths.

Average Strength
Std. Dev.
Avg. Shaft/Cap Strength

West
MPa
40.68
4.95
42.19

East
MPa
43.70
6.10

West Cap
MPa
54.54
7.26
53.68

East Cap
MPa
52.81
6.03

An overall average concrete compressive strength was needed for the computer
simulation. The strength used in these simulations combined the strengths of the shafts
and caps from both tests. The concrete compressive strength actually used for the drilled
shafts in computer simulation, as will be discussed later, was 41.4 MPa (6000 psi).
The modulus of elasticity of concrete (E) can be calculated using

57,000 f c '

(4.1)

where, fc’ is the compressive strength of the concrete in psi. Using the compressive
strength of 41.4MPa (6000 psi), the modulus of elasticity equals 30,442 MPa (4415 ksi).
The moment of inertia based on

πr 4

(4.2)

4

with a 1.22 m (4 ft) diameter was 0.11 m4 (260,576 in^4). The yield strength of the
reinforcing steel was 414 MPa (60 ksi), and the modulus elasticity of steel was 199,948
MPa (29,000 ksi). The stiffness of the shaft is determined by multiplying the modulus of
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elasticity of the concrete by the moment of inertia of the shaft (EI). The stiffness was
calculated to be 3,301,712 kN-m2 (7,989,560 kip-ft2).

4.3.3 Cross-Hole Sonic Logging

Before the 1.5 m (5 ft) shaft extension, four PVC sonic velocity pipes were cast
into each original shaft. The tubes were wired to the inside of the spiral reinforcement
bars and extended vertically along the shaft to a depth of 15.24 m below the excavated
ground surface. When the 1.5 m extension was added to the shafts, these tubes were not
extended and were covered by the additional concrete and reinforcement. A view of one
of the original shafts and the sonic velocity pipes (4 white tubes) is provided in Figure
4.9 The tubes were placed for the purpose of performing crosshole sonic logging (CSL)
tests. These tests can help define the integrity and uniformity of the concrete of the
drilled shafts.

With this test, “anomalies” indicting the potential for poor quality

concrete and voids within the concrete can be determined at an exact depth and location
within the cross section of the drilled shafts. These indications make it possible to
modify construction procedures so as to correct for any of these defects. Placement of
the concrete during construction or mix design can also be evaluated and corrected if
needed, (Branagan et al., 2002).
CSL is based on the ultrasonic pulse velocity (UPV) method. A transmitter and a
receiver (hydrophone) are lowered into the two adjacent tubes and the transmitter emits a
pulse.

This pulse is transmitted through the concrete, creating ultrasonic wave

propagation which is received by the hydrophone in the adjacent hole. The velocity and
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signal strength of the wave propagation is then measured and interpreted to establish the
quality of the concrete, (Olson and Hollema, 2002).
A high velocity and signal strength indicate good quality concrete, where as
delayed or low amplitude signal tends to indicate poor quality (Branagan et al., 2002).
Typically, good quality concrete has a sonic velocity between 3600 and 4300m/sec.
Travel time between the tubes should also be relatively constant to indicate good quality
concrete. The more the velocity in a zone decreases from the average velocity, the
greater the potential for poor quality concrete. If the sonic velocity decreases to the
value of water then a water saturated void exists. Table 4.4 summarizes the indications
for potential flaws or anomalies within the concrete.

Table 4.4. Indications of Anomalies In Concrete.

Velocity
m/sec
Less than 10%
Decrease of 10-20%
Greater than 1463
Less than 1463

Quality of Concrete
Good Quality
Questionable
Water/ Water Saturated Matls.
Voids, Unconsolidated Matls.

The CSL testing for the two shafts at the SLC airport test site was performed by
Helena Murvosh of Branagan & Associates on August 3, 2002. The CSL test results
reported subsequently are based on a report from Branagan & Associates, Inc. (2002),
Inc. An Olson Engineering CSL-1 system was used to obtain the CSL data.

The

components of this system include two 0.03 m (1.33 in) hydrophones, a depth wheel and
cable, and a portable computer system and CSL software.
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The hydrophones are used for transmitting and receiving sonic energy, the depth
wheel and cable deploy the hydrophones within the shafts, and the field data is obtained
and stored in the computer which can then be analyzed to acquire needed results. Six
CSL tests were done for each foundation.
Ideally, CSL tests should be performed at least one to two days after the concrete
has cured. However, because PVC tubes with an approximate diameter of 50.8 mm (2
in) were used, testing was required to be within 10 days after installment of the concrete
so as to prevent tube-concrete de-bonding, which could lead to a large decrease in signal
strength or a decrease in measured velocity

De-bonding occurs due to differences in

expansion coefficients between concrete and PVC when the temperature in the concrete
shaft increases during curing. Therefore, the potential for de-bonding can be reduced by
filling the tubes with water just before or after the concrete is placed, (Olson and
Hollema, 2002). The tubes must extend at least 1 m (3 ft) above the top of the shaft in
order to prevent spill out of the displaced water from the hydrophones, and cables. After
four days and eight days for the west and east shafts, respectively, the CSL tests were
completed on August 3, 2002.
The results from the CSL Test are presented in Table 4.5. Although the test was
performed before the extra 1.5 m extensions were added, the depths referred to are
measured from the top of the final shaft elevations, including the additional 1.5 m. The
tested depth of the west shaft was 17.4 m (57.2 ft). Because of breaks in the CSL tubes
in the east shaft, the top 1.96 m (6.5 ft) of the tubes did not retain the water completely.
Consequently, the total depth tested did not include this top 1.96 m (6.5 ft) length.
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Although the east shaft was 15 feet deeper than the west shaft, only 17.17 m (56.4 ft)
was actually tested because the PVC tubes only extended to this depth.

Table 4.5. Summary of CSL Test Results.
Shaft Compression
Velocity
m/s
East
3231-4694

West

3048-4481

Concrete
Quality
Not Tested
Poor or Unconsolidated
Poor or Unconsolidated
Poor or Unconsolidated
Good
Poor or Unconsolidated
Poor or Unconsolidated
Good

Ray Path Summary for Anomalous Zones
Path
Depth
vc
m
m/sec
All
1.5-1.95
All
2.3-4.5 Lost Signal
1-4, 2-4, 3-4
6.4-7.1 Lost Signal
All
7.5-8.4 Lost Signal
Remaining Sections
All
1.5-5.0 Lost Signal
1-3, 2-3, 2-4, 3-4
5.2-12.7
1829
Remaining Sections

For the west shaft, poor quality concrete or unconsolidated materials exist from
1.5 to 5 m (16.5 ft) indicated by the lost signals and decrease in velocity for all ray paths
between pipes 1,2, and 3. A 52% decrease in velocity in ray paths 2-3 and 3-4 indicate
layers of poor-quality concrete or unconsolidated materials on the periphery of the shaft
near tube 3 between 5.2 to 12.7 m (17.2 to 41.6 ft). A change in velocity less than 10%
for the remaining sections of reinforcement is indicative of good quality concrete. Due
to the loss of signal from 2.3 to 4.5 m (7.5 to 14.7 ft), 6.4 to 7.1 m (21 to 23.5 ft) near
tube 4, and 7.5 to 8.4 m (24.8 to 27.5 ft), the east shaft has poor quality concrete or
unconsolidated materials.

Good quality concrete exists throughout the remaining

sections of the east shaft. Numbering of the pipes for the east and west shafts is shown
in Figure 4.15 and Figure 4.16, respectively. The only difference between the two
figures is the numbering of the PVC tubes.
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The CSL tests indicate that large portions of the shafts may have poor quality
concrete; however, this may not be the case in actual fact. It is possible, and very likely,
based on subsequent analyses in Chapter 7, that the sonic velocity pipes became debonded from the concrete in select sections as the concrete cured. High early strength
concrete was used in the test shafts which may have also contributed to the increased
potential for de-bonding. As a result, gaps may have formed between the pipes and the
concrete which would dampen the wave propagation and thus, produce significant drops
in velocity and impulse strength or even lead to a loss of signal.

Figure 4.15. PVC tubes for the east shaft.
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Figure 4.16. PVC tubes for the west shaft.

4.4 INSTRUMENTATION
Instruments used in this test measured the lateral loads applied to the drilled
shafts and piles, the pile head deflections, and the drilled shaft deflection versus depth.
The load applied by the hydraulic jacks to each drilled shafts was measured using
a 1.34 MN (150 ton) load cell. The load applied to the 15-pile group was measured by
the tie-rod load cells. Theoretically, because the 15-pile group is being loaded against
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the two drilled shafts then the total loads applied to all 15 piles should equal the total
load applied to the two drilled shafts. Therefore, these measurements provide a means
of evaluating the consistency and accuracy of the two load measurements systems. The
load set up for the drilled shafts is shown in Figure 4.17.
Two string potentiometers, with an accuracy of 0.25 mm [0.01 in], measured the
lateral displacement of each of the drilled shafts. Figure 4.18 shows the setup for the
instrumentation used to measure the deflection of the drilled shafts. This photograph
was actually taken during the test done on the drilled shafts in clay, but the setup is
exactly the same as it was for the test done in sand. Lateral displacement for the pile
heads in the 15 pile group was measured with thirteen string potentiometers and two
linear variable differential transformer (LVDT) transducers (accurate to 0.127 mm
[0.005 in]). The set up measuring loads and deflection for the 15-pile group is shown in
Figure 4.19. A separate fixed frame raised above the loading system served as an
independent reference point for the numerous measuring devices. Small aluminum
channels with protruding hooks were glued to the piles and shafts at the point of load
application in order to provide a connection between the shafts and piles to the reference
frame. The upper and lower string potentiometers on the cap block were intended to
provide an indication of pile head rotation; however, they were actually too close
together to provide reliable rotation measurements according to ASTM D3689 (ASTM,
1995).
An inclinometer probe was used to measure the tilt of the drilled shafts with
depth which was then used to calculate deflection and bending moment versus depth.
Tilt is the angle at which the drilled shafts rotate due to lateral loading. The inclinometer
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Figure 4.17 Instrumentation Used for Load Measurements for the Drilled Shafts.

Figure 4.18 Instrumentation Used for Deflection Measurements for the Drilled Shafts.
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Figure 4.19 Instrumentation for the 15-Pile Group.

probe is made up of a steel shaft, two pivoting wheels, and a connector cable for the
control cable.
These elements are represented in Figure 4.20. The hollow tubes built into the
drilled shafts are used to slide the inclinometer probe down the length of the shaft to
measure tilt as the shaft is deflected to each target value. These tubes are aligned with
the grooves in the same direction of expected movement, (Slope Indicator Co., 1994).
The connector cable is used to lower and raise the inclinometer probe to desired depths
by rolling the two pivoting wheels on the walls of the tube. Readings taken from the
probe are based on two force-balanced servo-accelerometers. The first accelerometer
measures tilt in the plane of the inclinometer wheels. The second measures tilt in the
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plane perpendicular to the wheels, (Slope Indicator Co., 1994).

Although the

inclinometer casing was initially aligned with the direction of loading, movement of the
concrete during extraction of the oscillator casing caused some rotation of the tubes.
Therefore, the tubes for the east and west shaft were actually rotated 12 degrees,
respectively from the direction of loading. As a result, a correction based on this angle
was applied to account for this error and obtain the deflection in the direction of loading.
A schematic plan view of the probe and the inclinometer casing is shown in Figure 4.21.

Figure 4.20 Inclinometer probe components, (Slope Indicator Co., 1994).

79

Figure 4.21 Probe and Inclinometer Casing (Slope Indicator Co., 1994).

The probe was lowered to the bottom of the tube and pulled up at 0.6 m (2 ft)
intervals to make tilt measurements. After the probe had stabilized and adjusted to the
surrounding temperature, readings were taken for the 0 and 180 degree accelerometer tilt
measurements. After the full depth of the pile has been recorded the inclinometer probe
itself was rotated 180 degrees and measurements were taken the same way as previously
mentioned. This rotation produces negative readings. The average absolute value of the
0 and 180 degree measurements is taken. This value is then multiplied by the reading
interval (0.6 m) and divided by the inclinometer constant of 20000. This is then the
deflection for the interval at that depth along the length of the shaft.

The total

displacement is equal to the sum of the incremental displacements along the length of
the shaft.
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4.5 TEST PROCEDURES
The drilled shaft/15-pile group test was performed on five separate days namely:
July 29, August 3, 5, 6, and 10 of 2004. The 15-pile group was loaded until the entire
group reached a target deflection. Although the drilled shafts were subjected to the same
load as the pile group, they did not experience the same amount of deflection because of
differences in structural stiffness. The target deflections pre-determined for the 15-pile
group were 6, 13, 19, 25, 38, 51, 64, and 89 mm (0.25, 0.5, 0.75, 1.0, 1.5, 2.0, 2.5, 3.5
in). The corresponding target deflections measured for the drilled shafts were 2.5, 5, 7,
11, 18, 28, 34, and 47 mm (0.1, 0.2, 0.3, 0.4, 0.7, 1.1, 1.3, and 1.6 inches). After each
target deflection was reached, the loads were held constant while data was recorded by
hand. This was done to verify that the instrumentation and loading system were working
properly prior to further testing. Subsequently, nine additional cycles of loading were
applied up to the target deflection of the pile group. Approximately ten uniform load
cycles have been determined to be the result of a 6.75 magnitude earthquake (Seed et al.,
1982). The decrease in resistance beyond ten cycles has been found to be relatively
small and that most of the decrease in load occurs in the first three cycles (Snyder,
2004). The load was then increased to produce the next target deflection and the
procedure was repeated until the maximum deflection was reached.
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4.6 TEST RESULTS
4.6.1 Introduction

This section discusses the deflection, load and moment data collected from the
test. The drilled shaft data and the 15 pile group data will be compared to evaluate the
efficiency of the two foundation systems. In addition, the response of the west drilled
shaft will be compared with the east drilled shaft to evaluate variations due to shaft
length, local soil stiffness, and foundation properties. Load versus deflection, bending
moment versus depth, and other results from the testing will be discussed and presented
in this section.
Because this test took approximately a week and a half to complete, the
displacement data had some inconsistencies between the days due to movement of the
reference frame. Often, one could assume that the deflection at the beginning of the next
day of testing would be the same as that at the end of the previous day’s testing.
However, when the load on the drilled shaft was released, the soil surrounding the shaft
relaxed, causing additional deflection with time. In these cases, it was necessary to
make small adjustments to the initial deflection value at the start of testing.

The

adjustments were typically based on inclinometer readings that were taken each day
prior to loading.

4.6.2 Load Versus Deflection

As the two drilled shafts were loaded against the 15-pile group, the pressure
applied to both hydraulic jacks was kept constant with the use of a manifold. However,
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small load differences were still observed. In addition, variations in deflection might be
expected due to small differences in soil stiffness and drilled shaft properties. For this
reason it is interesting to look at each drilled shaft individually and compare the
difference in load versus deflection curves.
The complete load versus deflection curves for the east and west shafts are
shown in Figure 4.24 and Figure 4.23.

A comparison between the two curves is

presented in Figure 4.24. The black curves connect the peak loads and deflections for
the east and west shafts for comparison with the cyclic load curves. After each target
deflection was reached, the load was removed and the shaft was allowed to relax. It can
be noted that the shafts do not relax to their original un-deflected position. If the shafts
had yielded under the loads applied, such a pattern might be expected, however, this
pattern is observed even at small deflections when strains are low enough that no
yielding in the shaft would be expected. The permanent deflection after each push was
likely due to the residual deflection of the system. A gap began to develop between the
shafts and the cohesionless soil as the shafts were loaded laterally. When in its stressed
position, the gap formed on the trailing side of the shaft would fill up with sand. Due to
this filling of sand, after the shafts were allowed to relax they could not fully return to
their initial position, thus creating a permanent deflection at the beginning of the next
loading.
The plots in Figure 4.24 also indicate that there is a reduction in peak load with
repeated cycling at a given target deflection. This reduced resistance will be discussed
in more detail subsequently. Due to the residual deflection and the reduction in peak
resistance with cyclic loading, the cyclic load-deflection curves are considerably
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different than the “backbone” curve obtained by connecting the peak load-deflection
points in this test or from a monotonic loading sequence.
The agreement between the load versus deflection curves for the east and west
shafts is quite good. When the shafts are loaded to the maximum load required to deflect
the pile group to the specified target deflections, the difference in load between the two
shafts is on average about two percent. The difference in deflection is where the two
shafts differ most although this difference is relatively small. The difference between
the east and west deflection values increases up to the 11 mm target deflection and then
decreases after that. The difference ranges from 4 to 20 percent, but is typically about
12 percent.

Although the east shaft is somewhat longer than the west shaft, the

measured deflection for the east shaft is always a few mm more than the west shaft.
Figure 4.25 and Figure 4.26 are simplified load versus deflection graphs using
data shown in Figure 4.24. Figure 4.25 and Figure 4.26 show curves connecting the total
peak loads for each of the shafts and the corresponding deflections for the 1st and 10th
cycles. In addition, the load-deflection curve leading up to the peak load for the 10th
cycle loading is also shown.

The important thing to notice is how much lateral

resistance is lost by increasing the number of loading cycles. The peak 10th cycle loads
are between 70 to 84% of the peak loads for the first cycle. However, at deflections less
than the peak loads, the resistance can be even smaller for the tenth cycle relative to the
1st cycle peak curve due to the shape of the reloading curve.
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Figure 4.22. Load vs. deflection for the east shaft.
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Figure 4.23. Load vs. deflection for the west shaft.
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Figure 4.24. East and west shaft load vs. deflection plot.

1400

1200

Load (kN)

1000

800

600

400
East 1st Cycle
200

East 10th Cycle
10th Cycles

0
0

10

20

30

40

50

60

Deflection (mm)

Figure 4.25 Peak load vs. deflection curves for the east shaft for the 1st and 10th cycles of loading.
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Figure 4.26. Peak load vs. deflection curves for the west shaft for the 1st and 10th cycles of loading.

As mentioned earlier, a gap is formed on the trailing side when the shafts are
loaded laterally. When the shaft is unloaded and allowed to relax, a partially filled gap
on the leading side of the shaft is also formed. Because of this, lateral resistance for the
first part of each reload curve was mostly attributable to the stiffness of the shaft itself
rather than the combined resistance of the shaft and the soil. Thus, in the beginning the
hyperbolic shape of the load-deflection curve is typical of a laterally loaded column.
The loading curve starts out steep and then curves over and flattens. With continued
loading, more deflection results, the shafts close the gap, and the soil resumes
participation in stiffness and resistance to the loading. As a result, the load-displacement
curve steepens developing a concave upward shape up to the maximum deflection.
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Occasionally, it may be desirable to compare computed response with the
average response of the two drilled shafts. Figure 4.27 provides a plot of the average
peak load vs. deflection curve for the east and west shafts based on the load cells
attached to the drilled shafts. This average curve, labeled load case 1, reduces difference
in the individual load-deflection curves due to local variations in soil properties around
each shaft. As indicated previously, the applied load during the virgin load test was also
measured independently by the 15 load cells attached to the piles in the group. Ideally,
the sum of these load cells should equal the load measured by the load cells on the two
drilled shafts. However, in reality the total load measured by the 15 load cells is about
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Figure 4.27 Three load cases compared to computed data.
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10.3 percent lower than that measured by the two load cells on the drilled shafts. The
differences in load could be attributable to frictional losses in the load frame,
misalignment or eccentric loading of load cells, and calibration errors. The second load
case in Figure 4.27 represents the average load on each shaft as measured by the 15-pile
group versus the average deflection of the two drilled shafts. The loads measured from
each pile for each peak deflection were added together and then divided by two,
simulating the load applied to one drilled shaft. The third, and last, load case was
determined by averaging the curves for load cases one and two.

Because it is not

possible to determine which load is most accurate, the average curve provided by load
case 3 is perhaps the most appropriate representation of the measured load vs. deflection
curve. Computer analysis of this curve will be presented in Chapter 7.

4.6.3 Residual Deflection

Figure 4.28 shows a plot of the residual deflection as a function of the peak
deflection for both the first and tenth cycles. The curves are based on the average of the
response for the east and west shafts. The peak deflection is simply the maximum
deflection reached in any cycle and the residual deflection is the deflection at the end of
that cycle.

The solid dark line at 45º indicates a slope of one where residual deflection

would equal the peak deflection. Since this test was performed in sand rather than clay,
the sand is more likely to fall into the gap formed behind the drilled shafts when loaded.
The greater the volume of soil that falls into this gap the greater the residual deflection.
The relationship between peak and residual deflection is relatively linear with a small
upward concave shape. The significance of this is that larger peak deflections will result
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in slightly larger residual deflections. The ratio between peak and residual deflections
for the first cycle in sand is approximately 2.1:1 or a slope of approximately 0.47. The
slope for the 10th cycle in sand is slightly higher than the 1st cycle by about 0.5. For the
1st and 10th cycles, these values are about 4.7 and 3.3 times higher than observed by
Snyder (2003) for lateral load tests in clay. The cohesive nature of clay makes it
possible for the pile to relax back more to its original position where the pile in sand
does not.
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Figure 4.28 Average residual deflection of the east and west drilled shafts for the 1st and 10th cycles
for the 15-pile group test.

Numerous cycles were performed between the first and last loading. Because of
this, the first cycles resulted in smaller residual deflections per unit peak deflection than
did the last cycles. During these intermediate cycles, additional material fell into the gap
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between the pile and the soil. The pile was pushed just as far in the last cycle as the first
cycle. Thus, the accumulation of material between the first and last cycles resulted in
larger residual deflections per unit peak deflection in the last cycles than in the first
cycles.
Figure 4.29 compares residual versus peak deflection curves for the drilled shafts
and the 15-pile group after the tenth cycle.

These curves are remarkably similar

suggesting that the residual deflection is likely a function of soil type, density and
moisture content rather than the foundation type or diameter.
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Figure 4.29 Comparison of residual deflection of 15-pile group with the average of the drilled shafts
for the 10th cycle.
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4.6.4 Comparison with 15-Pile Group

Since the 15-pile group is being loaded against the two drilled shafts, a
comparison of the load versus deflection curves for the 15 piles and the two drilled
shafts is important to examine. Recall, the loads for both should be similar whereas the
deflections will be different. Figure 4.30 provides a comparison of total peak loaddeflection curves for the two drilled shafts and the 15-pile group for the 1st and 10th
cycles. The difference in total loads between the two shafts and the 15 pile group is
approximately ten percent, with the group load being smaller. Conceivably, the total
load measured by the load cells on the drilled shafts may be somewhat higher than the
true load due to eccentric loading on the load cell when the shaft heads rotate. Because

2500

Total Group Load (kN)

2000

1500

1000
15 Pile Group 1st Cycle
2 Shafts 1st Cycle
500

15 Pile Group 10th Cycle
2 Shafts 10th Cycle

0
0

10

20

30

40

50

60

70

Average Group Deflection (mm)

Figure 4.30 Comparison of average drilled shafts peak loads and associated deflections to those for
the 15-group average at the 1st and 10th cycles in sand.
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each pile load is measured by tie rods with a pinned connection to the pile, the measured
load will not be affected by minor eccentric loading. However, friction losses in the
frame and wheels could lead to somewhat lower load values than the true value.
A comparison of the load-deflection curves in Figure 4.30 indicates that the two
drilled shafts carry on average about 1.7 times greater loads than the entire 15 pile group
for both the 1st and 10th cycles. Because of group interaction effects, the piles lose
strength when they are loaded as a group. This could be one reason why the group
deflects so much more than the drilled shafts.
Considering these group effects, it is important to know how many piles would
be required to withstand the same load and experience the same deflection as the drilled
shafts. This has been determined by taking the average of the load-deflection curves for
the drilled shafts, which is equivalent to one drilled shaft, and comparing that with the
average load-deflection curve for the 15-pile group, which is equivalent to one average
pile in the group at this spacing. The load on the single pile was then multiplied by a
factor (the equivalent number of piles) which increased the load until it matched the
load-deflection curve of the drilled shaft. Based on this analysis, 13 piles (at 1.27 m or
3.92 D) spacing) would be required to provide resistance equivalent to one drilled shaft
for the first cycle of loading while 12.5 piles would provide equivalent resistance for the
tenth cycle. Figure 4.31 and Figure 4.32 show this relationship for the first and tenth
cycles, respectively.
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Figure 4.31 Comparison of the equivalent piles to one drilled shaft for the first cycle.
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Figure 4.32 Comparison of the equivalent piles to one drilled shaft for the tenth cycle.
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4.6.5 Stiffness

Soil resistance decreases with cyclic loading as indicated previously. The change
in soil stiffness is another indication of the loss of soil resistance. Pile-soil stiffness, K,
is defined by

K=

ΔF
ΔL

(4.3)

where ΔF is the change in force or load for a given increment and ΔL is the change in
deflection correlating with these loads. For purposes of this test, ΔF is merely the
maximum load of a cycle and ΔL is the corresponding deflection for that load. To
facilitate comparisons, the stiffness is normalized by dividing by the stiffness
corresponding to the first cycle of loading at a given target deflection, Ko. By doing this,
a representation of the relative change in stiffness from one cycle to another can be
established.
The normalized stiffness for the soil around the east and west shafts as a function
of the number of load cycles is presented in Figure 4.33 and Figure 4.34, respectively.
Curves for target deflections up to 18 mm are shown except for the 2.5 mm push. Since
the load and deflection measurements were not controlled properly for the 2.5 mm push
the computed soil stiffness is not representative and thus, not included.
The stiffness degradation curves for each shaft were averaged and are compared in
Figure 4.35. The loss of soil stiffness between the first and second cycles for the east
shaft was about 10 percent and about 11 percent for the west shaft. A close agreement is
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also seen between both shafts for higher number of cycles.

Based on this close

correlation in the normalized stiffness for the east and west shafts, the soil properties
around these two shafts appear to be very consistent.
The normalized soil stiffness curves for the two shafts were then averaged to
obtain the average normalized stiffness for both shafts which is presented in Figure 4.36.
This same approach was applied to the soil around the 15-pile group and its average
normalized stiffness is shown in Figure 4.37. Figure 4.38 shows a comparison between
the normalized stiffness degradation curves for both the drilled shafts and the 15-pile
group. Between the first and second cycles the average stiffness of the drilled shafts
decreases 10.8 percent whereas the 15-group stiffness decreases 10.6 percent. Between
the second and tenth cycle the average stiffness of the drilled shafts loses 11.4 percent of
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Figure 4.33 Normalized stiffness of the east drilled shaft versus cycle number at various target
deflections.
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Figure 4.34 Normalized stiffness of the west drilled shaft versus cycle number at various target
deflections.
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Figure 4.35 A comparison of the average stiffness of the east and west drilled shafts.
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Figure 4.36 Average normalized stiffness of the two drilled shafts versus cycle number.
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Figure 4.37 Average normalized stiffness of the 15-pile group versus cycle number.
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Figure 4.38 Average normalized stiffness for both the drilled shafts and the 15-pile group.

its stiffness and the 15-pile group loses 11.8 percent. This close correlation shows that
the normalized stiffness of sand around the drilled shafts and the steel piles is the same.
Even though the drilled shafts have a larger diameter than the piles do, this apparently
has very little effect on the relative decrease in soil stiffness.
About 50 percent of the stiffness degradation during the ten cycles of loading
occurred between the first and second cycles for the virgin loading test of the drilled
shafts. The 15-pile group was able to maintain soil stiffness slightly better than the
drilled shafts with 47 percent of the total loss occurring between cycles one and two.
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4.6.6 Deflection Versus Depth

The data obtained from the inclinometer probe provide a measure of the
deflection of the shafts with depth. The inclinometer initially measures the tilt or
rotation of the shafts when loaded laterally. Measurements were obtained at 0.6 m
intervals before loading and at selected load increments during the testing.

The

deflection can be obtained from the tilt measurements by first, averaging the absolute
values of the positive and negative tilt readings (A0 and A180) as discussed in Section 4.4.
Then, the initial average tilt values prior to loading are subtracted from measured
average tilt values at each depth below ground surface (Ai-A0) during loading. This
yields the change in tilt between two intervals (ΔΑ).

The next step is to get the

inclinometer displacement by taking ΔΑ, dividing by the instrument constant, and
multiplying by the reading interval (0.6 m). Assuming that the deflection at the base of
the shaft is zero, the deflection at each depth increment can be determined by summing
the deflections for each increment below that level. Finally, because the inclinometer
pipe was rotated somewhat out of the plane of the loading, the deflection in the direction
of loading was determined by dividing by the angle correction factor.
The deflection versus depth curves computed from the inclinometer data for the
east and west shafts are shown in Figure 4.39 and Figure 4.40, respectively. The curve
shapes are typical of those for a laterally load free-head deep foundation. The deflected
shape for the east shaft shows slightly larger positive deflection than the west shaft at
depths below 6 m. Nevertheless, for both shafts, the deflection is very small beyond a
depth of 12 m which supports the assumption of zero deflection at the shaft base.
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The string potentiometer deflections measured at the load point are also plotted
in Figure 4.39 and Figure 4.40. The deflections computed at the top of the shaft from
the inclinometer measurements should agree with the deflection measured by the string
potentiometers. Although data collected from the inclinometer does not occur at exactly
the same intervals as the string potentiometers, by interpolating linearly between points a
reasonable estimate of the shaft head deflection can be obtained. The target deflections
measured from the inclinometer were 7, 18, 34 and 47 mm (0.3, 0.7, 1.3, and 1.6 in). In
most cases, the deflection obtained from the two approaches is in reasonable agreement,
indicating a good correlation.

However, there are some discrepancies.

The

manufacturer of the inclinometer probe, Slope Indicator, Inc., indicates that the accuracy
of the inclinometer probe is 0.02 mm in 500 mm. For the 15.84 m (depth below ground
surface) inclinometer pipes this would correspond to an accuracy of ±4 mm. This is
about the degree of accuracy observed in these data. In cases where the agreement is not
this good, the error is likely associated with the use of multiple operators during the
testing which can lead to greater inaccuracies in the measurements.
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Figure 4.39 Deflection versus depth with target deflections for the east shaft.

Deflection (mm)
-50

-40

-30

-20

-10

0

-4
-2
0
2
Depth (m)

4
6
8
10
12
14

Inclinometer
String Potentiometer

16
18
Figure 4.40 Deflection versus depth with target deflections for the west shaft.
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4.6.7 Bending Moment Versus Depth

It is important to know the maximum bending moment and the depth where the
maximum moment occurs in the drilled shafts. The bending moment was calculated
from the inclinometer deflection data using the following equation

M = EI

∂2 y
∂x 2

(4.4)

where E is the modulus of elasticity, I is the moment of inertia, and ∂2y/∂dx2 is the
curvature along the length of the pile. This equation can be approximated numerically
using the equation
M=

EI ( f −1 − 2 f 0 + f1 )
2h 2

(4.5)

where f-1 is the polynomial smoothed deflection one level above the point of
consideration o, f0 is the polynomial smoothed deflection at the point of interest, f1 is the
subsequent polynomial deflection one level below the point of interest, and h is the
distance between deflection measurement levels. The polynomial smoothed deflection
values were obtained from plotting deflection versus depth obtained from the
inclinometer data and then fitting a polynomial curve to match this data. The equation
of this polynomial curve was then used to obtain the deflections.

As indicated

previously, the spacing of inclinometer readings was 0.61 m (24 in), which corresponds
to the interval h. The modulus of elasticity of 30.4 GPa (4415.2 ksi) was based on the
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compressive strength of concrete is 41.4 MPa (6000 psi). The moment of inertia is 9.4 x
1011 mm4 (260,576 in4) based on the diameter of the shaft.
Inclinometer readings were only taken for target deflections of 7, 18, 34, and 47
mm.

Figure 4.41 and Figure 4.42 show moment versus depth curves for these

increments for the east and west shafts, respectively.
Previous lateral load tests in clay have shown that the depth to maximum
moment tends to increase slightly as the deflection (or applied load) increases. This is
actually not the case in the virgin load tests for the drilled shafts. For the smallest
deflection, the maximum moment occurs at about 3.0 m and 2.3 m for the east and west
shafts, respectively. For the largest deflection the maximum moment also occurs at
about 3.0 m and 2.3 m for the east and west shafts, respectively. On average, this is
about 2.5 diameters below the ground surface. Between the minimum and maximum
deflections, the depth to the maximum bending moment remains essentially the same.
The bending moment decreases to approximately zero below a depth of 10 to 12 m.
Computed bending moments below this level are inaccurate due to numerical
inaccuracies where the deflection values are very small.
A comparison between the two drilled shafts is provided in Figure 4.43. The east
shaft has significantly higher moments than does the west shaft. The shaft moments
compare reasonably well with small deflections but after the second target deflection, the
difference in moments increases dramatically.

Since there was a good correlation

between the loads on the shafts, this difference is likely due to the large difference in
deflection, as mentioned in section 4.6.2.
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The string potentiometers measured a difference in deflection between 4 and 20
percent, and average of 16 percent. The difference in the two shaft deflections measured
from the inclinometer ranges from 1 to 30 percent, an average of 12 percent. Therefore,
the string potentiometer and inclinometer deflection data correlate well with each other
and any error in the moment diagrams produced from Equation 4.6 is mostly due to
greater head deflection and not to the numerical approach.
A comparison of the peak moment versus load results from the east and west
shafts is shown in Figure 4.44. These results will be useful later when comparing with
computer analysis results.

The agreement between the two shafts is very close,

indicating that both shafts experienced the same amount of bending moment at a given
load.
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Figure 4.41 Moment versus depth curves below ground surface for the east shaft.
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Figure 4.42 Moment versus depth curves below ground surface for the west shaft.
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CHAPTER 5 - RE-LOAD TESTING OF LARGE
DIAMETER DRILLED SHAFTS
5.1 INTRODUCTION
After the completion of the lateral load test in which the drilled shafts were
reacted against the 15-pile group, the load frame was rearranged so that a lateral load test
could be performed by reacting the 9-pile group against the drilled shafts. During this
test, the 9 pile group was loaded in virgin soil conditions, while the drilled shafts were
re-loaded in the opposite direction to that during the test with the 15-pile group.
Therefore, the results from this test series provide some understanding of how previous
loading in one direction affects lateral resistance in the opposite direction. Because most
natural loading events produce bi-directional loading, this behavior is important to
understand.

5.2 TEST LAYOUT
The southernmost row of the 9-pile group is located approximately 7.92 meters
(26 feet) north of the center of the drilled shafts. The piles were arranged into three rows
with three piles per row. In the direction of loading, piles were spaced at a distance of
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Figure 5.1 Test set-up including the 9-pile group and the two drilled shafts.
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Figure 5.2. Load frame and hydraulic jacks for the 9-pile group and the two drilled shafts
(Modified from Snyder, 2004).
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5.65 diameters or 1.83 m (72 in) on centers. Perpendicular to the direction of loading,
piles were spaced at a distance of 3.29 pile diameters or 1.07m (72.05 in) on centers. The
layout of the test foundations is shown in Figure 5.1. The load frame and hydraulic
jacks as shown previously in Section 4.2 are also shown in Figure 5.2.

5.3 INSTRUMENTATION
Instrumentation used in this test measured the lateral loads applied to the drilled
shafts and piles, the deflections at the pile heads, strain gages along the length of the
shaft and inclinometer pipes in the drilled shafts. These instruments, which were also
used for the test with the 15-pile group are described in some detail in Section 4.4.

5.4 TEST PROCEDURES
The drilled shafts were load tested against the 9-pile group test on September 9,
2004. The 9-pile group was loaded until the entire group deflected to a target deflection.
Although the drilled shafts and the pile group were subjected to the same load, they did
not experience the same deflection due to differences in structural stiffness and soil
resistance. The target deflections pre-determined for the 9-pile group were 3.2, 6, 13,
19, 25, 38, and 51 (0.25, 0.5, 0.75, 1.0, 1.5, 2.0 in). When these target directions were
achieved for the pile group, the corresponding actual deflections measured for the drilled
shafts were 1, 2, 5, 7, 12, 18, 23 mm (0.05, 0.07, 0.2, 0.3, 0.5, 0.7, and 0.9 inches).
Since the target deflections were measured from one of the 9-pile group string
potentiometers it can be expected that not all string potentiometers will be completely
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congruent with each other. Thus, each individual pile may not have reached the exact
target deflection. An average deflection was used to compare with the drilled shafts to
account for variation in deflection readings amongst the piles in the group.
After each target deflection was reached, the loads were held constant while data
was recorded by hand as well as by the data acquisition system. This was done to verify
that the system was working properly prior to continuing with further testing.
Subsequently, load was applied to produce nine additional cycles at each of the target
deflections specified.
The drilled shafts used for this test, as mentioned, are the same as those used for
the 15-pile group test. The difference between the two tests is that the drilled shafts
were loaded in opposite directions. The drilled shafts were first pushed north when
loaded against the 15-pile group. Then, after that test was completed, the drilled shafts
were pushed south when loaded against the 9-pile group. When the load on the drilled
shaft was released at the completion of the first load test, there was some residual
deflection that remained. This residual deflection makes the re-loading test a whole
different test altogether since virgin loading does not begin at zero deflection and a gap
existed around the drilled shaft prior to beginning the second load test. These effects
will be discussed in the result section.

5.5 RESULTS
Due to the thorough discussion of results from the virgin loading of the drilled
shafts in the previous chapter, this section discusses mainly deflection and load data
collected from the re-loading test. The response of the drilled shaft relative to the 9-pile
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group data will be compared as well as the east and west shafts to evaluate the efficiency
of the two foundation systems. In addition, the response of the east drilled shaft will be
compared with the west drilled shaft to evaluate variations due to shaft length, local soil
stiffness, and foundation properties.

Load versus deflection, stiffness, residual

deflection and other results from the testing will be discussed and presented in this
section.

5.5.1 Load Versus Deflection

Although the test involving the 9-pile group did not experience as many technical
difficulties as that involving the 15-pile group the possibility still exists that there was
some rotation of the reference frame and other environmental factors causing
inconsistencies in the data. It is also difficult to apply the loading evenly to each of the
drilled shafts so again, the response of each shaft will be compared to the other and the
9-pile group to evaluate consistency.
Figure 5.3 and Figure 5.4 shows the complete load versus deflection curves for
the entire testing process for both the east and west shafts, respectively. Figure 5.5
compares the east and west shafts with each other, so difference in the two curves can be
readily observed. The dark lines define the peak load versus deflection curves for the
first cycle of loading for each of the drilled shafts. The agreement between the load
versus deflection curves for the east and west shafts is very good, as was the case for the
virgin loading test. Typically, for a given deflection, the measured load for the two
shafts is within about 5% with the west shaft carrying slightly more load; while for a
given load, the deflection of the two shafts is typically within about 7% with the east
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shaft deflecting somewhat more. However, this degree of agreement is significantly
better than observed for the virgin load test. This is likely attributable to the fact that
more of the load is resisted by the structural stiffness of the shaft due to gapping around
the shaft and the variability of the structural stiffness is smaller than that of the soil
stiffness.
The load versus deflection curves for the shafts once again exhibit residual
deflection in that the deflection does not return to zero when the load is released. In fact,
the residual deflection increases as the peak deflection increases. As discussed
previously, this is due to the sand falling into the gap formed on the trailing side of the
shaft when loaded which prevents the shaft from returning to its original position.
Figure 5.6 provides a simplified load versus deflection graph from the data
shown in Figure 5.5. The graph in Figure 5.6 shows only the peak loads and
corresponding average deflections for the first and tenth load cycles for the total load on
both of the drilled shafts. In addition, the complete load-deflection curve for each tenth
cycle of loading is shown in Figure 5.6. The decrease in peak load between the first and
tenth cycles is typically about 25%, which is in the middle of the range (16 to 30%) for
the loss of load observed for the virgin load tests on the drilled shafts. The 25% loss of
load is also similar to that observed for both the 9-pile group and the 15-pile group.
The behaviors of the reloading curves are similar to that described previously
during the test involving the 15-pile group. As a result of gaps forming along the length
of the shafts from lateral loading, resistance before the peak loads is solely due to the
stiffness of the shafts but then as the shafts continue to deflect, the soil adds to the
stiffness and resistance of the loading.
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Figure 5.3. Load vs. deflection for the east shaft.
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Figure 5.4. Load vs. deflection for the west shaft.
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Figure 5.5 Load vs. Deflection for the east and west drilled shafts.
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Figure 5.6 Total Load vs. Average Deflection for the drilled shafts for the 1st and 10th cycles and the
10th cycle loading.
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5.5.2 Residual Deflection

Figure 5.7 shows a plot of the residual deflection as a function of the peak
deflection for both the first and tenth cycles and is based on the average response of the
two drilled shafts. Residual deflection for the shafts loaded against the 9-pile group is
similar to the discussion in Section 4.6.3. Due to the soil being sand, more residual
deflection is apparent than compared to a test done in clay. Peak deflections indicate the
maximum deflection of any cycle and the residual deflection is the deflection at the end
of the cycle. Equal peak and residual deflections would be indicated by the solid dark
line, which is angled at 45 degrees.
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Figure 5.7. Average residual deflection of the east and west drilled shafts for the 1st and 10th cycles
for the 9-pile group test.
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The relationship between peak and residual deflection is for the most part linear.
Contrasting this with the slight concave upward shape obtained from virgin loading
while reacting against the 15-pile group, these curves during the re-loading tests do not
exhibit this concavity. The ratio between peak and residual deflections for the first cycle
in sand is approximately 1.4:1 or a slope of approximately 0.7. The slope for the 10th
cycle in sand is slightly higher than the 1st cycle with a value of 0.8. For the 1st and 10th
cycles, these values are about 1.5 times higher than observed in the 15-pile group test.
This could be due to re-loading, as will be discussed in Section 5.5.3.
Figure 5.8 compares residual versus peak deflection curves for the drilled shafts
and the 15-pile group for the first and 10th cycles. For a given peak deflection, there is a
significant greater residual deflection for the shafts than for the 9-pile group. This
difference is probably due to the fact that the pile group is experiencing virgin loading
while the shafts are being re-loaded in the opposite direction and there is significantly
greater soil infilling behind the shaft.
The 10th cycle plots are noticeably higher than the 1st cycle plots. As a result of
numerous cycles performed between the first and last cycles, the first cycles resulted in
smaller residual deflections per unit peak deflection than did the 10th cycles. The cyclic
loading allows additional loose soil to fall into the gap between the pile and soil and this
accumulates with additional cycles. Thus, the additional infill material between the
cycles contributes to larger residual deflections per unit peak deflections.
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Figure 5.8. Comparison of residual deflection of 9-pile group with the average of the drilled shafts
for the 1st and 10th cycle.

5.5.3 Re-loading

A comparison between the average load versus deflection curves for the two
drilled shafts during the virgin load test (reacting against the 15-pile group) and the reload test (reacting against the 9-pile group) is provided in Figure 5.10. For a given
deflection the virgin load is typically between 20 and 30 % higher than the load during
re-loading. This decrease in lateral resistance may be explained by noting that the shafts
already had a residual deflection before the re-load test even started. This residual
deflection came from the virgin load test during which the drilled shafts were deflected
in the direction of the 9-pile group. During the re-load testing, the drilled shafts were
loaded in the opposite direction away from the 9-pile group. Based on the string
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potentiometer data and the inclinometer data, the residual deflection prior to beginning
the re-load test was about 25 mm. Figure 5.9 is the same total load versus average
deflection curve for the two shafts as in Figure 5.6 except that the deflection values have
all been shifted to account for the residual deflection of 25 mm.
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Figure 5.9 Re-Loading for the 1st and 10th cycles and the 10th cycle loading.

As indicated in Figure 5.9, the deflections are negative values and remain
negative because the re-load test never pushes the drilled shafts back past their initial undeflected position prior to any load testing. Negative deflections are indicative that the
drilled shafts were displaced towards the 9-pile group. When deflection values move
towards zero the shafts are moving back into the original un-deflected position.
Although, the average deflections of the two drilled shafts shown in Figure 5.9 do not
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show positive deflections, the west drilled shaft does become slightly positive (1.1 mm)
whereas the east shaft remains negative throughout loading. Therefore, during the reload test the shaft was pushed back through a zone where the sand had relaxed and
sloughed towards the shaft, loosely filling the gap behind the shaft created during the
virgin loading. As a result, the lateral resistance of the shaft during this stage of the test
would be expected to be lower than during virgin loading as illustrated in Figure 5.6.
Since the re-loading test continues where the virgin loading left off, the re-loaded
deflection data should fit with the virgin loading data. Both sets of data are simply
continuations of each other and fit together as shown in Figure 5.10. If the loading was
continued for the reload test the load vs. deflection curve would most likely follow the
trend of the virgin load versus deflection curve.
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Figure 5.10 Load vs. Deflection of the 1st & 10th cycle for the drilled shafts from the 15-pile test and
the re-loaded 9-pile test.
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5.5.4 Comparison with the 9-Pile Group

A comparison between the load versus deflection curves for the 9-pile group and
two drilled shafts is presented in Figure 5.11 showing the peak loads and deflections for
the first and tenth cycles. The average deflections of the drilled shafts and the 9-pile
group are plotted against the total loads for the two shafts and the 9-pile group. The
difference in peak loads between the shafts and the 9-pile group is about two percent.
This correlation indicates that measurements taken were very consistent and accurate.
The difference in the deflections correlating with the peak loads is 59 to 64 percent. The
reason the difference between the drilled shafts and the 9-pile group deflections are so
large is due to several factors including (1) differences in structural stiffness, (2)
reloading for the shafts versus virgin loading for the pile group, and (3) group interaction
effects. However, group interaction effects should be relative minor at this large spacing
for the pile group (5.65 D).
The lateral resistance of a pile group decreases as the spacing between the
individual piles decreases. The spacing for the 9-pile group is 1.83 m (5.65 D) which is
greater than the 1.27 m (4.92 D) spacing of the 15-pile group. Based on this pile spacing
it would be significant to know how many piles would be required in order to achieve
the same load-deflections curve as the drilled shafts. The 9-pile group curve shown in
Figure 5.11 for the 1st and 10th cycles are scaled up by a factor equivalent to the number
of piles needed to match a single drilled shaft. This is shown in Figure 5.12 and Figure
5.13. The single drilled shaft curve is that from the virgin load test where the drilled
shafts were loaded against the 15-pile group. It takes 11 piles to equal the strength of
one drilled shaft for the 1st cycle and 12 for the 10th cycle.
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Recall that it took

approximately 13 piles to equal the strength of one drilled shaft for the first cycle and
12.5 for the tenth cycle from the 15-pile group test. Since the 9-pile group test has
smaller spacing between the piles it is appropriate that it takes less equivalent piles to
equal one drilled shaft.
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Figure 5.11 Comparison of average drilled shafts peak loads and associated deflections to those for
the 9-group average at the 1st and 10th cycles in sand.
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Figure 5.12 Comparison of the equivalent piles from the 9-Pile Group to one drilled shaft for the
first cycle.
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Figure 5.13 Comparison of the equivalent piles from the 9-Pile group to one drilled shaft for the
tenth cycle.
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5.5.5 Stiffness

The drilled shaft stiffness, as represented in Equation 5.1, is calculated by
dividing the peak loads from each target deflection by the correlating deflection at that
load. The stiffness for each cycle (K) was then normalized by dividing by the initial
stiffness (Ko) for each target deflections up to 18 mm. The normalized stiffness is used
to show the change in stiffness from one cycle to the next, which is shown in Figure 5.14
and Figure 5.15 for the east and west drilled shafts, respectively.
The stiffness of each shaft was averaged and compared in Figure 5.16. The loss
of soil stiffness between the first and second cycles for the west shaft was about 14
percent and about 15 percent for the east shaft, respectively. The correlation between
the soil properties of the east and west shaft is good based on the difference of stiffness
loss being only one percent. However, this decrease is significantly greater than that
noticed in the virgin loading test. Recall from the virgin loading test, the loss of stiffness
between the first and second cycles averaged 10.8 percent and 11.4 percent between the
second and tenth cycles. Since the shafts were re-loaded the soil had been previously
weakened, thus reducing the stiffness results.
The soil stiffness between the two shafts was then averaged to obtain the average
normalized stiffness for both shafts. This same procedure was followed for the 9-pile
group. Figure 5.17 shows a comparison between the stiffness of the drilled shafts and
the 9-pile group.

Between the first and second cycles, the drilled shafts lost

approximately 14.2 percent of the pile-soil stiffness on average whereas the 9-pile group
lost 12.6 percent. Between the second and tenth cycle the drilled shafts lost 15.1 percent
of their stiffness on average while the 9-pile group lost 12.9 percent. The difference
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between the loss in stiffness between the shafts and the 9-pile group is noticeably larger
than the difference observed for the virgin loading test. The difference in stiffness
between the virgin loaded shafts and the 15-pile group was about 1 percent. The
difference for the re-loaded shafts and the 9-pile group was about 2 percent.
About 49 percent of stiffness degradation observed during the ten cycles of
loading occurred between the first and second cycles for the virgin loading test of the
drilled shafts. This value is identical to the stiffness loss between the first and second
cycles for the 9-pile group and very close to that observed for the 15-pile group (47
percent).
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Figure 5.14 Normalized stiffness of the east drilled shaft versus cycle number at various target
deflections.
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Figure 5.15 Normalized stiffness of the west drilled shaft versus cycle number at various target
deflections.
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Figure 5.16 A comparison of the average stiffness of the west and east drilled shafts.
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Figure 5.17 Average normalized stiffness for both the drilled shafts and the 9-pile group.
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CHAPTER 6 - LATERAL LOAD TEST ON SMALL
DIAMETER DRIVEN PILE
6.1 INTRODUCTION
A driven pile with a diameter of 0.324 m was laterally loaded against the 15-pile
group. Results from the driven pile test discussed here include a comparison to the
results obtained from the lateral tests of the drilled shafts. Also, diameter effects of the
driven pile and the shafts will be compared. Most of the measured data was already
reduced and analyzed by Walsh (2005) and also modeled using the LPILE computer
program.

It has not, however, been analyzed by SWM and FB-MultiPier.

These

analyses will be discussed later in Section 0.

6.2 TEST LAYOUT
This single pile was driven approximately 6 pile diameters due west of the
western pile in the 3rd row of the 15 pile group as shown in Figure 6.1. The test pile was
driven closed-ended on June 27, 2002. At the time, the test site surface had been
excavated to a depth 1.52 meters (5 feet) below the native ground level. The pile was
driven such that 2.1 meters (7 feet) of pile remained above the excavated ground surface,
leaving approximately 0.6 meters (2 feet) of pile above the native ground level. In
preparation for the most recent tests, an additional 0.9 m (3 feet) of clay was excavated
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and then the test site soil surface was brought flush to the native ground level by
backfilling the 2.44 m (8 ft) deep excavation with washed concrete sand around all piles
on the test site. After backfilling the test pile extended to a depth of 11.46 m (38 ft)
below the filled sand surface. The sand was compacted to a unit weight equal to
approximately 93 percent of the modified Proctor value.
The single pipe pile conformed to ASTM 252 Grade 3 specifications. The
outside diameter was 324 mm (12.75 in) with a wall thickness of 9.5 mm (0.375 in). In
conjunction with the I-15 reconstruction project, Geneva Steel performed tests on 192
piles of the same type as used at the airport site. Using the 0.2% offset method, the
average yield strength of the piles was determined as 404,592 kPa (58,684 psi) with a
standard deviation of 15,168 kPa (2,200 psi). The average tensile strength was found to
be 584,087 kPa (84715 psi) with a standard deviation of 17,650 kPa (2,560 psi). LPILE
calculations run on the same pile type resulted in a yield moment of 350 kN-m (258 Kipft) (Reese et al., 2000).
Loading of the pile was accomplished by pushing the single pile against the 15pile group.

A reaction beam (AISC Shapes W760x284 [metric designation] and

W30x191 [English designation]) and a 1.34 MN (150 ton) hydraulic jack were both
placed between the group and the single pile, with one end of the jack against the single
pile and the other against the reaction beam as illustrated in Figure 6.1. A channel
section was welded to the single pile to provide a flat pushing surface for the jack.
Additionally, a hemispherical swivel plate was placed between the end of the jack and
the channel section to minimize the potential for eccentric loading of the pile. Hence,
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the test represented “free-head” pile conditions. The jack was placed approximately 480
mm (19 inches) above ground level. Expanding the jack loaded the single pile laterally.

North

15-pile Group
1.34MN Load Cell
Swivel Plates

1.34MN
Hydraulic Jack

W760X284

Single Pile

Edge of
Excavation

Figure 6.1 Plan view of single pile test setup (Snyder, 2004).
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6.3 INSTRUMENTATION
Instruments used in this test measured (1) the lateral loads applied to the test pile
by the hydraulic jacks, (2) the pile-head deflection, (3) the pile head rotation and (4) the
strain along the length of the pile from which bending moments were obtained.
Pile head deflections were measured at the load point using two string
potentiometers sensitive to 0.25 mm (0.01 inches).

Both were attached to an

independent reference frame. Data collected was zeroed out and then averaged to obtain
deflection data used in calculations and figures. Loads applied to the test pile were
measured using a 1.34 MN (150 ton) RST resistance type strain gage load cell.
Strains along the length of the pile were measured using water-proof electrical
resistance type strain gages manufactured by Texas Measurements, Inc. (model WFLA6012). Strain gages were applied by sanding down the side of the pile until smooth then
rinsing with acetone. Strain gages were then attached directly to the pile using an
epoxy-based glue. A total of 42 strain gages were placed on the pile, one on each side of
the pile with two at each depth. The upper 28 gages were separated along the length of
the pile a distance of 0.46 meters (1.5 feet) on centers. The bottom 14 gages had an
average separation of 0.91 meters (3 feet) on centers. Strain gage depths are detailed in
Figure 6.2.
Angle irons were welded on opposing sides of the test pile to protect the strain
gages. Additionally, waterproof foam was injected into the cavity created by the angle
irons to further protect the strain gages from damage. Despite these precautions, and
primarily due to the age of the test system, some strain gages had failed by the time of
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12.80 m
Figure 6.2. Strain gage depth and location along the length of the small diameter pile (Walsh, 2005).

the test and no data were collected from these devices. For example, both gages at a
depth of 5.64 meters (18.5 feet) below the current ground level were inactive and
therefore data was not collected for this depth. This was also the case with strain gages
at depth 8.84 meters (29 feet) below the current ground surface. However, there were

135

still sufficient working gages to adequately define the bending moment versus depth
profile.
The angle irons increase the moment of inertia of the pile from 1.16 x 108 mm4
(279 in4) to 1.43 x 108 mm4 (344 in4). Figure 6.3 represents the cross section of the
single pile with angle irons.

324mm OD,
9.5mm Thick,
Closed-Ended
Steel Pipe Pile
Strain Gages
5.1mm Angle Iron
with 38.1mm Legs
Tapered to a Close at
the Lower End

Figure 6.3 Cross-sectional view of the single pile with angle irons (Snyder, 2004).

6.4 TEST PROCEDURE
The single pile load test was performed on October 15, 2004, about two months
after the drilled shaft test/15 pile group test. The pile was pushed to the target deflections
of 6, 13, 19, 25, 38, 51, 64, 76, and 90 mm (0.25, 0.5, 0.75, 1, 1.5, 2, 2.5, 3, 3.5 inches)
after the test was set up properly. The pile was loaded to each target deflection a total of
ten times and then the load was released and the pile was allowed to rebound. After the
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ten cycles were complete for a single target deflection, ten cycles of loading were
performed at the next higher deflection level. The purpose of cycling the deflections in
this way was to simulate the reduction in lateral resistance that might occur in an
earthquake event where multiple load cycles would be applied. Because of safety
concerns, the 89 mm (3.5 inch) target deflection was applied only once.

6.5 RESULTS
This section discusses the deflection, load and moment data collected from the
test. Curves showing load versus deflection, load versus rotation, bending moment
versus depth, and maximum moment versus load will be presented and discussed in this
section.

6.5.1 Load Versus Deflection

Figure 6.4 provides plots of the peak load versus deflection curves for both the
first and tenth cycles, respectively. For a given deflection the decrease in load resistance
from the first to the tenth cycle is between 15 and 25%. This decrease is relatively
similar to that observed for the drilled shaft load test as described in Section 4.6.2.
Figure 6.5 and Figure 6.6 provide plots of the average peak load versus deflection curves
for the drilled shafts relative to the pipe pile for both the first and tenth cycles,
respectively during virgin loading. Naturally, more load is required to deflect a large
diameter (1.22 m) drilled shaft than a small diameter (0.324 m) pipe pile for a given
deflection. Not only is the flexural stiffness of the drilled shaft 99% higher [(EI)shaft=
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7,932,395 GPa vs. (EI)pipe= 68,879 GPa] than that of the pipe pile, but the larger
diameter of the drilled shaft provides considerably greater soil resistance per meter of
length, As a result, for a given deflection, the lateral resistance provided by one pipe
pile is only about 18% on average of that provided by one drilled shaft for the first cycle
of loading and about 15% on average for the 10th cycle.
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Figure 6.4 Load vs. Deflection for the single pipe pile for the 1st and 10th cycles and the complete
10th cycle loading (Walsh, 2005).

This comparison is important in making an estimate of the equivalent number of
pipe piles necessary to provide the same resistance as one drilled shaft.

These

comparisons indicate that 9 and 7 single isolated pipe piles would be required to equal
the resistance of one drilled shaft for the first and tenth cycles, respectively. After
multiplying the single pile loads by the factors of 9 and 7, the load versus deflection
curves for the first and tenth cycles are plotted in Figure 6.7 and Figure 6.8 are similar
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on average to those for the drilled shafts. These equivalency factors (9 and 7) for the
single isolated piles are less than those for the piles within pile groups. For example the
equivalency factors are 13 and 12.5 for piles at 3.92D spacing and 11 and 12 for piles at
5.65D spacing for the first and tenth cycles, respectively. These results indicate that the
piles in the groups are less efficient than for single isolated piles. When the piles are
spaced close to each other, the resulting shear zones overlap, causing the lateral
resistance of each pile to decrease. Since the single pile has no overlapping shear zones,
pile-soil interaction does not occur and the pile retains its full lateral resistance.
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Figure 6.5 Comparison of average drilled shafts peak load vs. deflection curve to that for the single
pile for the 1st cycle of loading.
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Figure 6.6. Comparison of average drilled shafts peak loads vs. deflection curve to that for the
single pile for the 10th cycle of loading.
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Figure 6.7 Comparison of the load vs. deflection curves for a pile group (9 piles) equivalent to one
drilled shaft for the first cycle of loading.
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Figure 6.8 Comparison of load vs. deflection curves for a pile group (7 piles) equivalent to one
drilled shaft for the tenth cycle of loading.

6.5.2 Bending Moments

In designing pile foundations for lateral loads, it is important to know the depth
to which significant bending moments are produced. Therefore, bending moment versus
depth curves were produced from the test results. Bending moments, M, were calculated
from the strain gage data using the equation

M=

EI (ε T − ε C )
Δh

(6.1)

where εT and εC are the strains measured on the tension and compression sides (with
opposite signs) of the pile, respectively; Δh is the distance between the two gages; E is
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the modulus of elasticity of the pile; and I its moment of inertia. Strains used in
Equation 6.1 were those corresponding to the time step at which maximum loads
developed for each target deflection during the first cycle. The modulus of elasticity
used for all piles was 200 GPa (29,000 ksi) and the moment of inertia, 1.43 x 108 mm4
(344 inches4). The value of Δh was the outside diameter of the piles, 324 mm (12.75 in).
As mentioned above, some gages were completely inactive and so were not
connected to the data acquisition system. Other gages, although providing a signal,
malfunctioned in ways such that the data collected was obviously incorrect. Such
circumstances required workaround methods. If just one of the two gages at a specific
depth malfunctioned, bending moments were calculated by assuming that the strain on
the opposing side was equal in magnitude and opposite in sign..
When both gages at a specific depth malfunctioned, bending moment data had to
be interpolated based on the readings of the gages directly above and below the
malfunctioning gages.

This interpolation was accomplished using a spreadsheet

developed by Gerber (2003) that, given moment data along the length of a pile, uses a
Lagrangian interpolating polynomial to provide information at desired points. In this
way, bending moments shown in Figure 6.9 were either solved for directly, or were
plausibly interpolated. Note that interpolated points were omitted from the graph but
were allowed to influence the trend of the plot.
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Figure 6.9. Bending moment vs. depth for the first cycle of the small diameter pipe pile.

Maximum bending moments in the pile occurred within the top two meters
below ground level and returned essentially back to zero by a depth of five meters below
ground level. The maximum moment developed in the single pile test was about 325
kN-m (240 kip-ft). This value approached the yield moment of the pile which was 350
kN-m (258 kip-ft), but is still far enough below yielding that this pile is still useful for
future testing. Figure 6.10 shows the bending moments at peak loads for the tenth cycle
of each target deflection. Recall that the maximum bending moment for the shafts
occurs at approximately 2.3 to 3 meters below ground surface, indicating that the depth
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to maximum moment occurs at deeper depths for a larger diameter shaft than for the
smaller diameter pipe pile.
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Figure 6.10. Bending moment vs. depth for the 10th cycle of the small diameter pipe pile.

6.5.3 Maximum Moment Versus Load

Figure 6.11 provides plots of maximum moment relative to adjusted peak loads
for both the first and tenth cycles. The maximum moment is the largest moment along
the length of the pile for a given applied load. The concave upward trend of these plots
indicates that the moments grew disproportionally greater at each successive load
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increment.

This results from the fact that the sand becomes progressively softer with

each cycle and is therefore less able to restrain the bending of the pile with each cycle.
This behavior was especially true of the tenth cycle, illustrated by its moment-load curve
being located above that for the first cycle curve.
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Figure 6.11. Measured bending moment vs. load for the small diameter pipe pile.
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CHAPTER 7 - COMPUTER ANALYSIS
7.1 INTRODUCTION
As indicated in Chapter 2, the available computer models for sand assume that
soil resistance increases bi-linearly with increasing pile diameter.

To evaluate the

accuracy of this assumption, computer analyses were first performed on the single 0.324
m diameter steel pipe pile. Minor adjustments were made to the soil properties to obtain
good agreement between measured and computed response. This same soil model was
then used to analyze the response of the 1.2 m diameter drilled shafts. Good agreement
between measured and computed response in this case would indicate that the assumed
increase in resistance with diameter was valid. When poor agreement was observed pmultipliers were applied to the soil resistance, where possible, to determine the increased
soil resistance necessary to obtain a reasonable match with measured response.
The computer programs LPILE, SWM and FB-MultiPier were selected for use in
this study and are the most widely used program for lateral pile analysis.

These

programs use finite-difference and finite element methods to analyze response of deep
foundations. LPILE and FB-MultiPier both model the non-linear soil resistance using py curves and allow the user to apply p-multipliers to account for variations in soil
resistance. In contrast, SWM evaluates soil resistance using soil mechanics principles
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and a wedge shape failure mechanism. SWM does not allow the user to apply a pmultiplier approach.

7.2 COMPUTER ANALYSIS OF 0.32 M DRIVEN PIPE PILE
Three computer programs were used to model the driven pipe pile from the
virgin loading test. These programs include: LPILE Plus Version 4.0 (Reese et al.,
2000), SWM6.0 (Ashour et al., 2002), and FB-MultiPier Version 4.06 (Hoit et al., 2000).
Procedures, analysis, and results from each of these computer programs will be
discussed in detail.

7.2.1 LPILE Plus Version 4.0 (Reese et al. 2000)

Results from LPILE for the single pile were obtained by Walsh (2005) and will
be compared to other computer modeling results.

7.2.2 SWM6.0

As discussed for the modeling of the drilled shafts, the SWM computer program
uses the strain wedge approach to model lateral shaft or pile behavior.
Results such as deflection, shear, bending moment, and soil interaction can all be
obtained from the SWM analysis. All pile and soil properties are required as inputs from
the user. Loads and deflections are specified similar to discussion for the drilled shafts.
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Although five cases is small in comparison to that of LPILE and FB-MultiPier, the
analysis still yields comparable results with that of the measured data.
The foundation type for the pile is very different from the method discussed for
the drilled shafts. Naturally, a single pile foundation type was selected rather than a
reinforced concrete drilled shaft type. The linear or non-linear analysis is also available
to model the single pile. Using a linear analysis requires the stiffness of the pile (EI) to
be specified to account for the strength of the pile, where as with a non-linear analysis
the stiffness of the pile is calculated and varies along the length of the pile. The
thickness of the pile is also specified by the user as well as the outer diameter.

7.2.3 FB-MultiPier Version 4.06 (FB-Pier Version 4, 2000)

FB-MultiPier is a nonlinear finite element analysis program used to represent
lateral shaft or pile behavior, in this case pile behavior. Details of the nonlinear finite
element analysis were presented in Section 7.3.3. The program has the capability of
performing a non-linear analysis, as demonstrated with modeling of the drilled shafts,
but it also is capable of using a linear approach. The linear and non-linear approaches
were used to model the single pile in FB-MultiPier.
Deflection, shear, bending moment, and soil interaction information were all
attainable using the FB-MultiPier program. Push to failure loads or specified loads and
deflections are user defined options as well as the properties of the shaft and soil needed
to produce a working model.
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7.2.4 Single Pile Properties

Similar to modeling the drilled shafts from the other tests, basic properties and
dimensions of the single pile were required entries for the LPILE, SMW, and FBMultiPier computer programs. Also similar to modeling the drilled shafts, the length of
pile varies between the computer programs. In LPILE and SWM the length of the pile is
measured from the point of load application. This length for the single pile was 12.1 m
(39.6 ft). In LPILE, this length was divided into 100 equal increments of 0.12 m (0.396
ft) each. The strain wedge model does not allow the user to divide the pile into equal
increments along the length as this function is handled internally. In FB-MultiPier the
length of the pile as well as the height to the point of application is measured from
ground surface. These lengths are 11.6 m (38 ft) and 0.48 m (1.58 ft), respectively. The
total length of the single pile was divided into 21 increments of 0.57 m (1.9 ft) each.
Since the pile was driven vertically into the ground, there was no batter angle or and the
ground surface was horizontal.
Dimensions and properties of the single pile are similar to the piles from the 15pile group except for the added angle irons used to protect the strain gauges. The pile
had a circular pipe cross section, similar to the piles in the group, with an outer
dimension of 0.324 m (12.75 in), and a wall thickness of 9.5 mm (0.375 in). The angle
irons attached on either side of the pile contributed to a total cross sectional area of 0.010
m2 (15.7 in2) and a total moment of inertia of 1.43 x 108 mm4 (344 in4). The modulus of
elasticity for the pile was 200 GPa (29,000 ksi) which makes the stiffness of the pile (EI)
28,663 kN-m2 (69,358 kip-ft2).
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7.2.5 Soil Profile

The soil profile used in the LPILE SWM and FB-MultiPier simulations was
obtained and simplified from results presented in Chapter 3 and also through past LPILE
simulations done by Snyder, 2004. Since the top clay layer in the original soil profile
was excavated and replaced with sand, the soil profile was altered for the computer
programs. The top 0.91 (3ft) of clay was removed and replaced with sand and an
additional 1.52 m (5 ft) of sand, making a total of 2.44 m (8 ft) of sand. Consequently,
due to the excavated clay, the remaining underlying clay layer extended 2.13 m (7 ft)
below the sand layer. Below this was another sand layer 1.75 m (5.75 ft) thick, and
below this another soft clay layer 1.68 m (5.5 ft) thick, followed by another sand layer
11.3 m (37.07 ft) thick. This soil profile is shown in Table 7.1. All of the soil properties
presented in Table 7.1 were used in the LPILE, SWM, and FB-MultiPier simulations.

Table 7.1 Input parameters used to model the first cycle of the drilled shafts from the 15-Pile group
test in LPILE, SWM, and FB-MultiPier.

Soil Model

Soil Model

LPILE

FB-MultiPier

Soil Model
SWM

Distance from

Total

Effective

Friction

Subgrade

Ground

Unit

Unit

Angle

Modulus

Su

(k)

(kN/m2)

Surface to Top

Weight, γ ' Weight, γ '
(kN/m3)

of Layer (m)

(Degrees)

(kN/m3)

ε50

(kN/m3)

API Sand

Sand

Sand

0

16.7

16.7

40 7.50E+04

--

API Sand - Submerged

Sand - Submerged

Sand

2.1

20.8

6.8

40 4.20E+00

--

Soft Clay - Submerged

Soft Clay - Submerged

Clay

2.4

19.0

9.1

--

2.70E+04

41

0.01

Soft Clay - Submerged

Soft Clay - Submerged

Clay

2.7

19.0

9.1

--

1.40E+05

50

0.01

Soft Clay - Submerged

Soft Clay - Submerged

Clay

3.7

19.0

9.1

--

2.70E+04

40

0.01

Sand - Submerged

Sand -Submerged

Sand

4.6

18.2

8.1

Soft Clay - Submerged

Soft Clay - Submerged

Clay

6.3

19.0

9.1

57

0.01

Sand - Submerged

Sand - Submerged

Sand

8

20.8

6.7

38 2.60E+04
--

--

--

1.40E+05
33 1.50E+04

--

--

---

These soil properties were first established for the driven pile and then modified
later for the drilled shaft testing. However, depending on which program is used, these
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values are either measured from ground surface to the surface of the top layer or from
the load point to the top of the layer. LPILE and SWM use values measured from the
load point, whereas FB-MultiPier measures values from ground surface. Also, FBMultiPier required the total unit weight for each soil layer whereas LPILE and SWM
required the effective unit weight.
There are some small discrepancies between Figure 3.11 and Table 7.1. The
main discrepancies include variation between soil type names and computer model
names, and the alternating sandy silt and silty sand layers below 8 meters. These
alternating layers were combined into one model soil layer categorized as clay and used
in the computer programs. The names of the soil layers that vary between Table 7.1 and
Figure 3.11 are a result of research leading to soil models that best represent actual soil
behavior in the field. The soil names presented in Figure 3.11 are classified according to
USCS. As represented by the first three columns in Table 7.1, LPILE, SWM, and FBMultiPier all have their own soil models pre-determined in order to model the actual soil
layers.
The p-y curves used to model the shaft-soil interaction differ between the various
programs. Matlock (1970) developed the p-y curves modeling soft clays used in LPILE
and FB-MultiPier. To define this curve shape the user must specify the unit weight, the
undrained shear strength (Su), and the strain at which 50 percent of the undrained shear
strength is developed (ε50). The p-y curves for the sand layers used in LPILE and FBMultiPier were developed by Reese et al. (1974) and by O’Neill and Murchison (1983).
The curve shape developed by O’Neill and Murchison was adopted in code provisions of
the American Petroleum Institute (API) and is commonly known as the API sand model.
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To simulate the appropriate soil response, supplementary inputs of friction angle (φ),
modulus of subgrade reaction (k), and total or effective unit weight are required. A
correlation between friction angle and the modulus of subgrade reaction has been
provided in the API code (API, 1993). SMW generally requires the same properties as
LPILE except it does not require a subgrade reaction modulus (k) but does require ε50
values for sand layers as well as for clay. FB-MultiPier also requires similar soil
properties with a slight variation.
In order to get a working model representing the measured results of the driven
pile and later the drilled shafts, trials varying the soil properties and the friction angle
were necessary. Changing these properties effected the interaction of the drilled shafts
with the soil profile resulting in a change of the p-y curves used to model the 15-pile test.
Since the top 2.4 m (8 ft) of the soil profile is the only change between this test and the
test done by Snyder (2003), trials varying the soil properties of only the compacted sand
backfill were run. With the soil profile near the ground surface mainly consisting of
sands, the friction angle and corresponding k-values of the sand backfill were varied.
The k-values represent the modulus of lateral soil reaction or initial slope of the p-y
curve. Varying these properties had the greatest influence on computer results. Using a
friction angle of 40 degrees yielded results that matched the measured data best.
Although this friction angle may be high according to API standards, this is reasonable
based on past research done by Brown et al, (1987) and Rollins et al, 2005).
The properties in Table 7.1 were used to compute the running model in LPILE,
SWM, and FB-MultiPier for the driven pile and drilled shafts. Results obtained from this
model were accurate and consistent with that of the measured data.
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7.2.6 Pile Head Boundary Conditions

In the analysis with LPILE, the deflections corresponding with the peak loads at
each target deflection were entered as a pile head boundary condition along with a pile
head moment of zero to simulate a free-head condition. The deflections were the target
deflection described in section 6.4. In the analysis with SWM pile head loads were used
as one pile head boundary condition along with a zero moment or free-head boundary.
Finally, in the FB-MultiPier analysis the boundary conditions were also pile head loads
and a zero pile head moment.

7.2.7 Comparison of Measured and Computed Load and Deflection

The results from each computer program will be presented individually and
compared to results from testing. A final comparison will be made to demonstrate the
accuracy of each model relative to each other and the measured results. Figure 7.1,
Figure 7.2, and Figure 7.3 provide plots of measured load versus deflection curves along
with curves computed using LPILE, SWM, and FB-MultiPier, respectively. Although
none of the computed curves are an exact match, the computed curves are generally
quite close to the measured curve. The curve computed by LPILE provides the best
agreement with the measured curve of the three programs and is very close to the
measured curve. Variation in measured and computed loads from LPILE ranged from 1
to 7 percent with an average of 3 percent and variation in deflection ranged from 0.2 to 7
percent with an average of 2 percent. Variation in the computed load vs. deflection
curve relative to the measured curve for SWM ranged from 1 to 16 percent, with an
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average of 8.5 percent. For FB-MultiPier the variation was between 1 to 38 percent,
with an average of 15. The discrepancy in these results generally, increased with
increasing target loads or deflections. Because LPILE and FB-MultiPier used the same
soil profiles and properties, and the pile is linear in both cases, the discrepancy is most
likely a result of the finer discretization of the pile used in LPILE (100 increments)
relative to FB-MultiPier (20 increments). Figure 7.4 presents results from each program,
where the differences between individual computations can be better compared. In
general, all of the computer programs simulate measured results reasonably well.
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Figure 7.1. Load vs. deflection for measured and LPILE results (Walsh, 2005).

155

90

100

250

Load (kN-m)

200

150

100

Measured Results

50

SWM Results
0
0

10

20

30

40

50

60

70

80

90

100

Deflection (mm)

Figure 7.2. Load vs. deflection for measured and SWM results.
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Figure 7.3. Load vs. deflection for measured and FB-MultiPier results.
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Figure 7.4. Comparison of all computer programs for load vs. deflection results.

7.2.8 Bending Moment

Bending moment versus depth is another way in which to determine the accuracy
of the computed results. Measured moment versus depth curves for various target
deflections are shown in Figure 7.5, Figure 7.6, and Figure 7.7 along with curves
computed using LPILE, SWM, and FB-MultiPier, respectively. The LPILE computed
maximum bending moments were between 15 and 25 percent larger than those
measured, (Walsh, 2005). The variation between computed and measured maximum
moment results from SWM was between 2 to 17 percent.

This variation is less

significant than those observed from LPILE but both analysis yield good correlations.
Variation in FB-MultiPier ranges between 13 to 38 percent.
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Additionally, depths to maximum moments determined by LPILE were anywhere
from 20 to 50 percent deeper than measured results, (Walsh, 2005). In general, this
discrepancy increased with higher target deflections. The SWM computed depths to
maximum moment are between 3 to 43 percent deeper than measured depths. FBMultiPier calculated depths to maximum moment 1 to 51 percent deeper than those
measured. A comparison between all programs for moment versus depth is shown in
Figure 7.8. In general, LPILE and FB-MultiPier are most similar to each other, whereas
SWM most closely correlates with the measured results.
The last comparison between computed and measured data is that of load versus
moment curves. Figure 7.9, Figure 7.10, and Figure 7.11 show the results from LPILE,
SWM, and FB-MultiPier, respectively.

The discrepancy between calculated and

measured results is more significant than in the previous load vs. deflection, and moment
vs. depth curves. This discrepancy has been noted in past research and thus, such results
are expected. Load vs. moment curves have an additional 10 percent variation in
computed and measured results than for load vs. deflection curves, as noted by Snyder
(2004). Despite these differences, accurate results were believed to be achieved in this
study. In addition to the differences in computer simulation and measured results,
Figure 7.12 shows the differences between each of the individual computed results.
Again, LPILE and FB-MultiPier are similar in load vs. moment results, whereas SWM
simulates measured data best.
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Figure 7.5 First cycle bending moment versus depth – LPILE calculated against measured results for various target deflections (Walsh, 2005).
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Figure 7.6. Bending moment versus depth for measured and SWM calculated results for various target deflections.
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Figure 7.7. Bending moment versus depth for measured and FB-MultiPier calculated results for various target deflections.
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Figure 7.9. Moment vs. load for measured and LPILE results (Walsh, 2005).
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Figure 7.10. Moment vs. load for measured and SWM results.
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7.3 COMPUTER ANALYSIS OF VIRGIN LATERAL
LOADING OF DRILLED SHAFT TEST
Similar to those used for the driven pipe pile test, computer programs were used
to model the virgin laterally loaded drilled shafts. The programs include LPILE Plus
Version 4.0 (Reese et al., 2000), SWM6.0, and FB-MultiPier Version 4.06 (FB-Pier
Version 4, 2000). Each of these three programs use a different type of analysis to model
deflection, load, and moment for the shafts or pile.

7.3.1 LPILE Plus Version 4.0 (Reese et al., 2000)

The computer program LPILE Plus Version 4.0 (Reese et al., 2000) was used to
model the drilled shaft response for both the virgin lateral load test and the reload test.
LPILE was also used to model the behavior of the single 0.324 m (12.75 in) diameter
driven pipe pile. LPILE is used for analyzing piles or shafts under lateral loading. The
program treats the pile as a beam and the lateral soil resistance is provided by a series of
non-linear springs defined by p-y curves. Using the finite difference method, deflection,
rotation, shear, bending moment, and soil resistance can all be computed and compared
to the measured data from testing. The soil properties, properties of the shaft or pile, and
applied load or deflections can all be selected and entered into the program to simulate
field conditions. A maximum of ten deflections cases are allowed for a given analysis.
These deflections are the peak deflections obtained from the measured data from the first
cycle.
The pile or shaft can be analyzed using either a linear or non-linear approach.
For the steel pipe pile test the stresses were all below the yield stress so an elastic linear
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analysis was sufficient; however, for the reinforced concrete drilled shafts it was
necessary to use the non-linear analysis procedure. This option allows the flexural
stiffness (EI) of the shafts to be generated based on whether the shafts are cracked or uncracked from the lateral loading. The user must supply concrete and steel strength
properties along with the geometry of the shaft and reinforcing steel locations.
The lateral resistance of the soil in LPILE is simulated by non-linear springs at
intervals along the length of the shaft or pile. Each soil layer is represented in LPILE by
specific p-y curves, each of which are based on experimental results obtained from
various researchers. These p-y curves are a non-linear relationship between lateral
deflection of the shafts and lateral soil resistance. The user must supply soil properties
such a friction angle (φ), lateral stiffness coefficient (k), and effective unit weight (γ’)
for sand layers and undrained shear strength (su), strain at 50% strength mobilization
(ε50), lateral stiffness coefficient (k), and effective unit weight (γ’) for clay layers.
The properties of the shaft and the soil profile are then used in conjunction with
each other and analyzed in LPILE to obtain a representation of the actual field test. An
iterative procedure is employed to determine if the soil stiffness and shaft properties are
consistent with the computed deflections, stresses and moments.

7.3.2 SWM6.0 (Ashour et al., 2002)

The SWM computer program uses the strain wedge approach to model lateral
shaft or pile behavior. This program was used to model the virgin lateral load test of
drilled shaft and the single driven pile test. Results such as deflection, shear, bending
moment, and soil interaction can all be obtained from the SWM analysis. Essentially the
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same drilled shaft and soil properties are required as inputs as described for LPILE are
required by SWM except that the p-y curve shape is not required, but is computed
internally.
This model simulates the relationship between a one-dimensional beam on an
elastic foundation (BEF) response and a three-dimensional soil-foundation interaction.
A wedge is essentially formed in front of the pile (opposite face of where the load is
applied) due to lateral loading. The strain that exists in this developing wedge is related
to the deflection (y) of the foundation. The stress acting along the face of the developing
wedge is related to the BEF line load (p). According to Ashour et al. (1998a), when a
deep foundation is laterally loaded, the deflection pattern is controlled by the stiffness
(EI) of the foundation. In effect, the user-specified stiffness or foundation type results in
a unique modulus of subgrade reaction, Es (i.e. the secant slope of the p-y curve), and the
shape and size of the wedge, (Ashour et al. (2002)).
The linear or non-linear analysis is an option in SWM. When the linear analysis
is selected, the stiffness of the shaft (EI) must be specified where as, with the non-linear
analysis there are options for the user to specify what type of foundation should be used.
Possible options include: steel H-pile, steel pipe pile, steel shell filled with concrete,
steel shell filled with reinforced concrete, and a reinforced concrete pile.
There are two ways of simulating lateral behavior and either option can be used.
One way is to enter the deflections to which the shaft will be pushed. The other option is
to enter the peak loads at which the shafts should be loaded. Incorporated into these two
options are two additional options. The first option is to specify the number of load or
deflection increments. This option restricts the number of increments to only five. The
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benefit to this option is that the user can specify the exact deflections or loads,
correlating with measured data. Although five cases is small in comparison to that of
LPILE and FB-MultiPier, additional analyses can easily be run. The second option is
“load to failure” in which the load is incrementally increased until the pile yields.. The
benefit of this option is that the user can immediately obtain the full load-deflection
curve without having to guess in advance about the load which would cause failure. For
the purposes of this study, this method made it possible to determine how close the
applied load came to the failure loading and deflection, as far as the program models
correctly. Each of the options mentioned were experimented with and compared to
measured data. For this study the option using specified deflections was most helpful in
comparing with the measured response.
SWM has the capability of generating deflection, shear, bending moment, and
soil interaction information. These results are all dependent on a linear or non-linear
analysis, and the properties of the shaft and soil regardless of whether the push to failure
or specified load/deflection option is used,
One of the differences between the SWM program and the other programs is the
configuration for the reinforcement of the drilled shafts. Two reinforcement ratios are
used to represent the reinforcement installed within the drilled shafts. The first, the
Longitudinal Steel Ratio, and the second, the Transverse Steel Ratio, are represented
with the following equations, respectively:

As
Ac1
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(7.1)

As '
Ac 2

(7.2)

where, As is the total cross sectional area of the longitudinal reinforcing steel, Ac1 is the
cross sectional area of the drilled shafts (plan view), As’ is the total cross sectional area
of the transverse reinforcing steel in a 0.3 m (1 ft) vertical section, and Ac2 is the cross
sectional area of the drilled shafts (elevation view) for a 0.3 m (1 ft) section. For this
study, As has two cases, one for the first section of reinforcement in the drilled shafts,
and the second case for the second section of reinforcement, as shown in Figure 4.13.
As, for example, is calculated by taking the area of the size of bars used and multiplying
it by the number of bars in the cross section. Figure 7.13 shows As’ for the first and
second sections of reinforcement.

In order to determine how many bars there are

included in As’, one foot is divided by the pitch of the transverse reinforcement. Then,
the number of bars is multiplied by the area of the bar used. By using the area of a circle
and the diameter of the shafts, Ac1 can be calculated. Finally, Ac2 is obtained by simply
multiplying 0.3 m (one ft) by the diameter of the shaft. Since there are two sections of
reinforcement within the drilled shafts, there will be a Longitudinal Steel Ratio for both
sections and a Transverse Steel Ratio for both Shafts. These ratios were calculated for
each section of reinforcement and the results are shown in Table 7.2.
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Figure 7.13. Transverse reinforcement cross sections used in SWM for the first and second sections
of the drilled shafts.

Table 7.2. Two Sections of Reinforcement Ratios for the Drilled Shafts.
As
Ac1
As'
As2 As/Ac1 As'/Ac2
2
2
2
2
mm
mm
mm
mm
%
%
Section 1 18116 1167454 1600 371612 1.5518 0.43056
Section 2 9058 1167454 400 371612 0.7759 0.10764
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7.3.3 FB-MultiPier Version 4.06 (Hoit et al., 2000)

The computer programs FB-MultiPier and FB-Pier are similar programs except
that FB-MultiPier allows the user to simulate multiple bridge pier structures
interconnected by bridge spans. Although the programs were used for singular drilled
shafts, both programs were used and compared to each other to determine whether there
were differences in computed response, (Hoit et al., 2000). There was a good correlation
between the two programs so FB-MultiPier was used for the rest of the trial runs for the
15-pile group test.
FB-MultiPier is a nonlinear finite element analysis program used to represent
lateral shaft or pile behavior. Given the geometric characterization of the shafts, FBMultiPier generates the finite element model internally. It is generated by modeling the
nonlinear material and geometric behavior of the piles. The nonlinear material behavior
is modeled by using input or default stress strain curves which are integrated over the
cross-section of the piles. The nonlinear geometric behavior is modeled using the P-delta
moments on the discrete element, (Hoit et al., 2000).
The non-linear soil behavior is modeled using p-y curves identical to those used
in LPILE. Similar to the previous two programs discussed, FB-MultiPier also has the
capability of modeling linear or non-linear structures. A dual relationship between the
structural finite element analysis for the shafts and the non-linear static soil model is an
effective way of modeling the virgin lateral load test.
Similar to the LPILE and SWM programs, FB-MultiPier also generates
deflection, shear, bending moment, and soil interaction information. This information is
based on a number of things, all very similar to LPILE and SWM. A linear or non-linear
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analysis, whether push to failure or specified loads and deflections are used, and the
properties of the shaft and soil all determine the resulting model in FB-MultiPier.

7.3.4 Drilled Shaft Properties

The difference in length and diameter between the two shafts contributes to
differences in computer analysis. Thus, the two drilled shafts were modeled separately
in each of the three programs. It will be shown that there is a difference between
measured data and computed data for the west shaft larger than that of the east shaft.
The length of the west and east shaft from the point of load application to termination of
the shaft is 17.27 m (56.67 ft) and 21.8 m (71.52 ft), respectively. The drilled shafts
were installed vertically so there is no existing batter angle or slope.
This length, measured from the point of load application, is required in LPILE
and then evenly divided into 100 increments along the length of the shaft. These
increments measure 0.17 m (6.8 in) and 0.22 m (8.58 in) for the east and west shafts,
respectively. At each of these increments the deflection, shear, moment, slope, rigidity,
and soil resistance are computed. The length measured from point of load application is
also used in SWM and divided into increments where deflection, shear, moment, etc. are
computed. The only difference is that SWM does not use a set number of increments so
the distance between each node varies. Depending on the properties used for the drilled
shafts and the soil profile the program determines the number of increments.
The length of the shaft required in FB-MultiPier differs from the length specified
in LPILE and SWM. Instead of measuring soil layers and length of shaft from point of
load application, measurements are taken from ground surface. Therefore, the total
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length of the east and west shafts measured below ground surface are 16.8 m (50 ft) and
21.3 m (70 ft), respectively. The height above ground to where the load is applied is
also required which is 0.51 m (1.67 ft) and 0.46 m (1.52 ft) for the east and west shafts,
respectively. Similar to LPILE, FB-MultiPier has a set number of nodes designated
along the length of the shafts. These nodes include the distance above ground to where
the load is applied. There are as few as 15 and 20, depending on the foundation type and
type of analysis (linear or non-linear). For the analysis of the drilled shafts there are 18
increments, making the distance between nodes 1.21 m (3.97 ft) and 0.96 m (3.15 ft) for
the east and west shafts, respectively. The more nodes there are, the better the analysis
will be but in the case of FB-MultiPier, the quality of the analysis is limited by the
length of the foundation and the set number of nodes allowed.
The diameters of the east and west shaft are 1.21 m (47.75 in) and 1.21 m (47.5
in), respectively. There are two sections of steel reinforcement within the concrete
shafts. Since the drilled shafts have different lengths, the first section of terminates at
the same distance below ground level for both shafts but different for the second section.
For the west shaft the first section extends to a depth of 11.176 m (36.67 ft) and for the
second section 17.27 m (56.67 ft) from load application. The east shaft section one
extends to a depth of 9.61 m (31.52 ft) and for section two 21.8 m (71.52 ft) from the
load point. The first section of reinforcement consists of 18 # 11 bars enclosed by a # 5
bar spiral at a 3 inch pitch. The second section of reinforcement composes of 9 # 11 bars
enclosed by a # 5 bar spiral at a 12 inch pitch. The concrete cover is 0.12 m (4.83
inches).
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The compressive strength of the concrete in the drilled shafts was 41.37 MPa
(6000 psi). The modulus of elasticity of concrete, based on the compressive strength,
was 30,442 MPa (4415 ksi). The moment of inertia was 0.11 m4 (260,576 in^4), yield
strength of the reinforcing steel was 414 MPa (60 ksi), and the modulus of elasticity of
steel was 199,948 MPa (29,000 ksi).

7.3.5 Stiffness and Curvature

The flexural stiffness of the shafts is based on the section properties, namely the
modulus of elasticity (E) and the moment of inertia (I). These properties as well as the
method for calculating the stiffness of the shaft were discussed in Section 4.2. Recall
that the modulus of elasticity of concrete can be calculated based in the compressive
strength of concrete (f’c) and that the moment of inertia can be calculated based on the
radius of the shaft. The modulus of elasticity and moment of inertia were calculated as
30,442 MPa (4415 ksi) and 0.11 m4 (260,576 in^4), respectively. Multiplying these to
values together produces a stiffness (EI) for the shafts of 3,301,712 kN-m2 (7,989,560
kip-ft2). This stiffness value is an approximation of what the stiffness was before any
lateral loading was applied and can be compared to the maximum stiffness values
discussed subsequently.
Unfortunately, the stiffness of the shafts relative to position along the length of
the pile can only be calculated by LPILE. The other computer programs do not provide
this information, making it difficult to compare the stiffness values used by the various
programs. Stiffness versus depth for the east and west shafts calculated from LPILE are
shown in Figure 7.14 and Figure 7.15, respectively. Stiffness versus depth calculations
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are shown for each deflection increment. For the 1 mm and 2.5 mm pushes, the stiffness
of the shafts is linear with depth. The drop in stiffness at a depth of about 10 m simply
indicates the change of reinforcement from 18 #11 bars to 9 #11 bars, as discussed in
Section 4.2. After a target deflection of 5 mm, there is enough bending to cause the
shafts to start cracking with a drop in flexural stiffness to 25% of their initial stiffness in
a zone about 6 m long for both shafts. Since the shafts were below ground surface, the
cracking and stiffness of the shafts versus depth cannot be determined by any means
from measured data. However, a maximum stiffness of 3,730,760 kN-m2 calculated
from LPILE is in close proximity to the previously calculated 3,301,712 kN-m2 based on
f’c.
The cracked zone is indicated on the stiffness vs. depth curve by the zone where
the stiffness drops to about 25% of its original value between the ground surface and a
depth of about 6 meters.

The length of the cracked zone increases as the load and

deflection increases. The stiffness vs. depth plot indicates that the shafts start cracking
after very slight deflections or loading. After the shaft has been deflected 6 mm a
cracked zone extends from 1.5 to 3.3 m a length of 1.8 m. However, for the maximum
deflection of 47 mm the cracked zone extends from 0 to 7 m a length of 7m. Despite
this cracking and drop in stiffness, the moment capacity of the shafts still continues to
increase because curvature continues to increase as will be shown subsequently.
Another indicator of shaft integrity is the curvature and moment capacity of the
shafts. When the shaft is subject to bending or lateral loading, curvature, K, is defined
as the distance from the centroid of the cross-section of the shaft to the center of
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Figure 7.14. Shaft stiffness vs. depth for the east shaft computed from the LPILE program (pmultiplier = 1.0).
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Figure 7.15. Shaft stiffness vs. depth for the west shaft computed from the LPILE program (pmultiplier = 1.2).
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curvature, (Isenhower, 1994). The inverse of the radius of curvature is the curvature.
Curvature was calculated in the computer programs using the following equation

K=

1
r

(7.3)

where r is the radius of curvature or interval over which the strain occurs. The computer
programs calculate tensile or compressive strains developed due to bending at any depth
in the beam. Curvature is dependent on these strains developed. For example, if the
strains in the shaft are zero then the radius of the shaft is infinity and thus the curvature
is also zero.
LPILE and SWM provide the stiffness, curvature, and moment capacity for the
shafts. Since there are two types of reinforcing sections within the shafts, the two
programs provide these results for both sections. Moment vs. curvature and stiffness vs.
curvature results from LPILE and SWM both sections of both shafts are shown in Figure
7.16 and Figure 7.17, respectively. These figures indicate that the stiffness of the shafts
decrease as the curvature increases in both program simulations. Despite this decrease
in stiffness, the moment capacity increases, after a small lag, as the curvature increases.
This signifies that the tensile capacity of the reinforcing steel is only engaged after the
shafts start to crack. When the shafts start cracking, the moment in the shafts is only
about 20% of the ultimate moment capacity. After cracking occurs, the full capacity of
the shafts is reached at a value of approximately 3,500 kN-m to 3,700 kN-m for LPILE
and SWM, respectively.
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Figure 7.16. LPILE estimations of moment vs. curvature, and shaft stiffness vs. curvature.
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Figure 7.17. SWM estimations of moment vs. curvature, and shaft stiffness vs. curvature.
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Figure 7.18. Comparison between LPILE and SWM estimations of moment vs. curvature,
and shaft stiffness vs. curvature for the first section of the shaft.
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A comparison between the moment vs. curvature and stiffness vs. curvature
curves used by LPILE and SWM for the 1st section of the shafts is shown in Figure 7.18.
The curves used by both LPILE and SWM compare very closely with each other for both
moment vs. curvature and stiffness vs. curvature. This close agreement establishes that
both programs are using the same relationships to define the non-linear behavior or the
reinforced concrete shafts. FB-MultiPier does not provide this stiffness information so
it is not possible to determine if this program is using the same curves to model the nonlinear shaft response.

7.3.6 Soil Properties

The soil profile used for the virgin load test is based on the conditions for the
driven pipe pile test. Because the single pile is with about 2 m away from the 15-pile
group, which is in close proximity of the drilled shafts, this is a reasonable assumption.
This soil profile used for the drilled shafts is the same as shown in Figure 7.1.

7.3.7 Load and Deflection

The test procedures in Section 4.5 describe the target deflections for the drilled
shafts and how they are not the same as the 15-pile group. The shafts do not deflect as
much as the 15-pile group so it is important that the appropriate loads or deflections are
entered into the computer programs by the user in order to produce an accurate model.
In order to most accurately determine the behavior of the drilled shafts, the peak
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deflections or loads from measured data were used for modeling. This was done for
both the east and the west shaft.
In the case with LPILE, the pile head deflections at each increment were entered
along with a pile head moment of zero to represent a free-head condition SWM limits
the user to entering only load cases and a maximum of five. Therefore, the peak loads
corresponding to the deflections at each increment were entered along with a free-head
boundary condition. FB-MultiPier is similar to L-PILE except that the peak pile head
load at each deflection increment was entered along with zero moment

When

comparing the measured data from the two drilled shafts with the computed data, ideally,
there should be a good correlation with the load deflection curves produced. The peak
load deflection curves for the first cycle of the east and west drilled shafts do not line up
exactly with each other. This discrepancy is shown in Figure 7.19. The west shaft loads
are generally higher than the east shaft loads up until the last couple target deflections.
This could be the result of twisting of the load frame or local variations in soil stiffness.
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Figure 7.19. Load vs. deflection for the west (16.8 m deep) and east (21.3 m deep) shafts.
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Because of this discrepancy in response along with small variations in the height
of loading, each shaft was modeled separately in each computer program. Similar to
results presented in Chapters 4, 5, and 6, each shaft and their modeled results will be
presented separately and then compared to each other to show the difference in their
individual performances under lateral loading. As will be observed, back-calculated pmultipliers will vary between the two shafts. These and other discrepancies will be
discussed after the presentation of the results from each computer simulation.

7.3.8 Determination of P-Multipliers

The p-multiplier functions as a means of increasing or decreasing the lateral
resistance of soil. Larger diameter shafts should impose more soil resistance. To
account for the large size of the drilled shafts, the p-multipliers should be more than 1.0
in order to simulate a greater soil resistance. There have not been many historical tests
done on large diameter shafts in sand which makes it hard to know if the available
computer programs model such tests accurately. The p-multipliers also serve as a means
of determining if existing computer programs are accurate in their simulation of field
results for larger diameter deep foundations. If the computed data matched the measured
data with a p-multiplier of 1.0 then linear relationship between lateral resistance and pile
diameter assumed by the computer programs would be validated.

If p-multipliers

significantly greater or less than 1.0 were necessary to match the measured response then
modifications to the assumed relationship between resistance and pile diameter would be
indicated.

Both LPILE and FB-MultiPier allow the user to specify p-multipliers,

whereas SWM does not. In the case of SWM, material properties would have to be
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adjusted manually to quantify the error potential errors in the purpose of using the
program is to determine if the strain wedge method used is accurate.
The p-multipliers can vary along the length of the drilled shaft, thus, creating
various load-deflection curves (one for each specified p-multiplier distribution).
However, typically a constant p-multiplier is specified for the entire pile length. These
computed load-deflection curves are then compared to the measured curve. Depending
on if the computed curve is lower or higher than the measured curve, the p-multiplier is
scaled up or down, accordingly. In this way the appropriate p-multipliers can be backcalculated.
Figure 7.20 through Figure 7.25 shows the measured load vs. deflection curves
compared with curves computed by the three computer programs using a non-linear
analysis for each shaft. The correlation between L-PILE and the measured response is
relatively good for the east shaft; however, significant differences are apparent for the
west shaft. The east shaft matches with a p-multiplier of one whereas the west shaft
requires a p-multiplier of 1.2 to achieve a good match. A p-multiplier of one for the
west shaft is still shown in Figure 7.21 to demonstrate the error without any adjustment.
This difference in p-multipliers will be discussed subsequent to the presentation of all
computer methods. Since the deflections were specified in LPILE, the deflections were
identical in all case to the measured values, however, the computed loads varied
somewhat from the measured values. A difference in load between the computed and
measured data for the east shaft averaged about 4.3% and 1.3% for the west shaft. With
a p-multiplier of just 1.0 for the west shaft, the error is about 9 %.
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Figure 7.20. Measured load vs. deflection curve compared to the curve computed by LPILE nonlinear model with a p-multiplier of 1.0 for the east shaft.
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Figure 7.21. Measured load vs. deflection curve compared to the curve computed with LPILE nonlinear model with a p-multipliers of 1.0 and 1.2 for the west shaft.
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Figure 7.22. Measured load vs. deflection curve compared to the curve computed by SWM nonlinear model for the east shaft.
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Figure 7.23. Measured load vs. deflection curve compared to the curve computed by SWM nonlinear model for the west shaft.
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Figure 7.24. Measured load vs. deflection curve compared to the curve computed by FB-MultiPier
non-linear model with a p-multiplier of 1 for the east shaft.
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Figure 7.25. Measured load vs. deflection curve compared to the curve computed by FB-MultiPier
non-linear model with a p-multiplier of 1 for the west shaft.
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Noticeable differences between measured and computed results were also seen
with SWM and FB-MultiPier.

The curve computed by SWM significantly

underestimated the actual resistance of both shafts. The error between measured and
computed deflection for a given load is typically about 78 percent. On the other hand,
the FB-MultiPier analysis of the east shaft yielded loads that were too low, but the west
shaft simulation gave loads which were very close to measured values.
Further analysis suggests that the error in computed response for the east shaft
computed by FB-MultiPier may be a result of an error in the non-linear model.
Generally, SWM and LPILE compute very similar load-deflection curves for both the
east and west shafts despite the difference in shaft length. In contrast, FB-MultiPier
computes significantly lower resistance for the east shaft relative to the west shaft due
only to the fact, that the east shaft is 4.6 m (15 ft) longer than the west shaft. Due to
analytical methods used in FB-MultiPier there is a discrepancy when computing the
lateral capacity of shafts longer than 16.8 m (55 ft). Because of the differences in
computation, a linear analysis was also used to model both shafts in SWM and FBMultiPier. Since there was a good relationship already shown in FB-MultiPier for the
west shaft, only the linear analysis of the east shaft will be presented.
Figure 7.26 through Figure 7.29 shows the load versus deflection curves
computed with the linear analysis from SWM and FB-MultiPier in comparison with the
measured curves. The results from SWM still are not as close as those produced from
LPILE, but the linear analysis better represents actual results than those shown in the
non-linear analysis. The difference between computed and measured deflection for a
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given load using the linear approach in SWM averaged 13 % for the east shaft and 15%
for the west shaft.
Using the linear analysis method in FB-MultiPier produces a curve for the east
and west shafts which matches very well with measured results. Comparison between
measured and computed deflection values using the linear shaft model in FB-MultiPier
differed by an average of 4.5% and 8.5% for the east and west shafts, respectively. The
improved agreement obtained with the linear models suggests that the non-linear models
in SWM and FB-MultiPier are overestimating the reduction in shaft stiffness due to
cracking during loading. For this reason, a linear comparison will be made for FBMultiPier and SWM.
Recall from Section 4.6.2 that a comparison between the average 15-pile and
drilled shaft loads was useful. This comparison was then compared to the 3 computer
models as will now be discussed. The load case that was closest to computed data for all
three programs was load case 3.
The average results for the east and west shafts from each of the three programs
are compared to load case 3, as shown in Figure 7.30. In summary, the results obtained
from the three programs match very well with the average 15-pile group and drilled shaft
data. In order to match the measured data with computed data, a p-multiplier of one
applied to computed results from LPILE matched best. A p-multiplier of one signifies
that on average LPILE is close to 100% accuracy in its model between soil resistance
and the large diameter drilled shaft. SWM does not model the test as well as LPILE
does. Since the option for applying a p-multiplier is not available, it is difficult to
determine if SWM would be accurate if an appropriate p-multiplier had been applied.
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Figure 7.26. Measured load vs. deflection curve compared to the curve computed by SWM linear
model for the east shaft.
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Figure 7.27. Measured load vs. deflection curve compared to the curve computed by SWM linear
model for the west shaft.
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Figure 7.28. Measured load vs. deflection curve compared to the curve computed by FB-MultiPier
linear model for the east shaft.
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Figure 7.29. Measured load vs. deflection curve compared to the curve computed by FB-MultiPier
linear model for the west shaft.
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P-multipliers were experimented with in FB-MultiPier, but because the west shaft
matched fairly well with a p-multiplier of 1.0, FB-MultiPier is accurate in the analysis of
shorter shafts. The east shaft computed results were however not as accurate due to the
length of the shaft, not because of large diameter effects. Nevertheless, the average
results between the two shafts in FB-MultiPier matched very well with load case 3. On
average, a p-multiplier of 1.0 for all programs is appropriate to model the relationship
between sand and large diameter shafts. This indicates that the lateral resistance of sand
increases bi-linearly with shaft diameter as assumed by the various computer models.
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Figure 7.30. A comparison of all three computed results with measured results.
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7.3.9 Bending Moment Versus Depth

The precision of the three computer calculations was also determined by
comparing the computed moment versus depth curves with the measurements taken from
the inclinometer during the actual test. Figure 7.32 through Figure 7.36 show these
results from the various computer programs for each shaft. LPILE was somewhat
effective in calculating the depth at which the maximum moment occurred for the west
shaft with the application of p-multipliers. The computed depths for the east shaft were
not as close, however. Recall, that the east shaft deflected more than the west shaft.
These additional deflections have a direct influence on the calculated moment diagrams
produced from the inclinometer data and as a result produced higher bending moments
for the east shaft.

For the most part, LPILE, with p-multipliers of 1.0 and 1.2 for the

east and west shafts, respectively, computed moments greater than what was actually
measured. This was the case for all except the last moment versus depth curve. A
difference in measured and computed maximum moment for select target deflections
averaged 28% for the east shaft and 16% for the west shaft. The difference between
computed and measured depth to maximum bending moment averaged 27% and 15% for
the east and west shafts, respectively.
Using the linear model, the same relatively poor accuracy obtained with SWM for
the load vs. deflection curves was also observed in the bending moment vs. depth results.
Depth to maximum bending moment and maximum moment were both overestimated.
The difference in measured and computed maximum moment for select target
deflections averaged 31% for the east shaft and 35% for the west shaft. The difference
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between computed and measured depth to maximum bending moment averaged 39%
and 48.5% for the east and west shafts, respectively.
FB-MultiPier computed the depth to maximum moment relatively accurately for
the west shaft and but overestimated the maximum moment for the east shaft. The
inaccuracy between measured and computed maximum bending moment for select target
deflections averaged 27% for the east and west shaft. The measurements of the depth to
maximum bending moments differed from the computed values by 32% for the east
shaft and 8% for the west shaft. Recall, a non-linear analysis was used on the west shaft
which produced very close results compared to those from the linear analysis. This is
indicative that a non-linear analysis should be used to model drilled shafts despite
inconsistencies with shafts longer than 16.8 m (55 ft). A linear analysis would be better
used for shorter foundations not made of concrete.
A comparison between all programs for moment versus depth curves for select
target deflections are shown in Figure 7.37 and Figure 7.38 for the east and west shafts,
respectively. In general, the general shape of the moment curves is predicted accurately
from all programs, but accuracy in predicting maximum bending moment and depth to
maximum bending moment varies between each target deflection.
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Figure 7.31. Measured bending moment vs. depth curves in comparison to those computed by
LPILE non-linear method for the east shaft with a p-multiplier of 1.0.
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Figure 7.32. Measured bending moment vs. depth curves in comparison with curves computed by
LPILE non-linear method for the west shaft with a p-multiplier of 1.2.
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Figure 7.33. Measure bending moment vs. depth curves compared to curves computed by the SWM
linear model for the east shaft.
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Figure 7.34. Comparison of measured bending moment vs. depth curves with curves computed by
the SWM linear model for the west shaft.
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Figure 7.35. Measured bending moment vs. depth curves compared to curves computed by the FBMultiPier linear model for the east shaft.
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Figure 7.36. Measured bending moment vs. depth curves compared to curves computed by the FBMultiPier non-linear model for the west shaft.
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Figure 7.37. A comparison of all computer bending moment vs. depth results for the east shaft.
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Figure 7.38. A comparison of all computer bending moment vs. depth results for the west shaft.
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7.3.10 Bending Moment Versus Load

Another way of determining the accuracy of the computer models, is a
comparison between the maximum bending moment versus load. Results from each
computer program for each shaft are shown in Figure 7.39 through Figure 7.44. There is
a slight upward curvature of this type of curve and in some cases, a large difference
between computed and measured data compared to the results previously presented.
This difference has been noticed in past tests and therefore is probably reasonable to
expect in this case as well.
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Figure 7.39. Measured bending moment vs. load curves compared to curves computed by the
LPILE non-linear model for the east shaft with a p-multiplier of 1.0.
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Figure 7.40. Measured bending moment vs. load curves compared to curves computed by the
LPILE non-linear model for the west shaft with a p-multiplier of 1.2.
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Figure 7.41. Measure bending moment vs. load curves compared to curves computed by the SWM
linear model for the east shaft.
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Figure 7.42. Measured bending moment vs. load curves compared to curves computed by the SWM
linear model for the west shaft.
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Figure 7.43. Measured bending moment vs. load curves compared to curves computed by the FBMultiPier linear model for the east shaft.
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Figure 7.44. Measured bending moment vs. load curves compared to curves computed by the FBMultiPier non-linear model for the west shaft.

Figure 7.45 and Figure 7.46 presents results from each program, where the
differences between individual computations can be better compared. Again, LPILE
provided the best match with the measured curves for both the east and the west shafts.
SWM and FB-MultiPier typically overestimate the maximum bending moment for a
given load relative to the measured moment for each shaft. Refer to the previous section
for percentage differences between measured and computed load and moment results.
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Figure 7.45. Comparison of all computer programs for load vs. moment results for the east shaft.
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Figure 7.46. Comparison of all computer programs for load vs. moment results for the west shaft.
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7.4 COMPUTER ANALYSIS FOR RE-LOADING OF
DRILLED SHAFT TEST
As indicated previously, the re-loading of the drilled shafts was performed by
reacting the shafts against the 9-pile group. The shafts were loaded in the opposite
direction from that during the virgin load test. The properties of the shafts are the same
as those from the virgin loaded shafts and can be found in Section 7.3. The only
potential difference between the computer analysis of the virgin lateral load test and the
re-load lateral load test are the loads applied and the soil properties. LPILE was the only
computer program used to model this test because of the similarity to the virgin test
results.

7.4.1 Load and Deflection

The peak load-deflection curves for the first cycle of loading for the east and
west drilled shafts do not line up exactly with each other. This discrepancy is shown in
Figure 5.5. The west shaft loads are generally higher than the east shaft loads. Due to
this difference, the shafts were modeled separately in LPILE.
Initially, the load vs. deflection curves were computed by LPILE using the same
soil properties as were used for the virgin load tests. Comparisons of the measured loaddeflection curve for each shaft and the corresponding computed simulations are
presented in Figure 7.47 and Figure 7.48.

The match between the measure load-

deflection curves and the curves computed by LPILE with the non-linear shaft model is
relatively poor due to the fact that the soil around the shafts has been previously loaded
and weakened. From previous loading, the soil on the north side of the shaft was
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compressed while on the south side, sand fell loosely into the gap formed on the trailing
side of the shafts as they were deflecting. The shafts were then re-loaded and pushed in
the opposite direction, thus compressing the newly fallen sand and allowing sand to fall
into the gap formed on the opposite side of the shafts. Figure 7.47 and Figure 7.48 show
that the capacity of the shafts was significantly reduced by this process.
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Figure 7.47. Load vs. deflection results from LPILE for the re-loaded east shaft.
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Figure 7.48. Load vs. deflection results from LPILE for the re-loaded west shaft.

Since the sand behind the shafts had been previously disturbed and was relatively
loose, the friction angle of the soil would be greatly reduced. By trial and error, a
friction angle of 20 degrees was found to produce a relatively good approximation of the
measured results as shown in Figure 7.49 and Figure 7.50. Also, as presented in Section
7.3.5 the shafts begin to crack after 5 mm of deflection. This cracking takes place on the
side of the pile where the load is applied. When the shafts are re-loaded the shaft is
pushed in the opposite direction the compressive stresses cause these cracks close and
other cracks develop on load side of the shaft. Since the previous cracking has no effect
on the strength of the shaft, the stiffness and capacity of the shafts can be taken equal to
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what was shown in the virgin load test. For this reason, the strength of the shafts do not
need to be decreased when modeling the re-load test in LPILE.
The difference in measured and computed deflection averaged 0.41% for each
target deflection for the east shaft. This difference was 2 % for the west shaft. The
difference in load was about 7 % and 9 % for the east and west shafts, respectively.
Both shafts were modeled with this decrease in friction angle and both simulations
produced similar results, indicating that the soil was weakened previously during the
virgin loading test.
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Figure 7.49. Load vs. deflection results from LPILE for the re-loaded east shaft with φ = 20.
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Figure 7.50. Load vs. deflection results from LPILE for the re-loaded west shaft with φ = 20 .

7.5 SUMMARY OF COMPUTER ANALYSIS
Three computer programs were used to model the lateral capacity of two large
diameter drilled shafts and one small diameter driven pipe pile. These three programs
include LPILE Plus Version 4.0 (Reese et al., 2000), SWM6.0, and FB-MultiPier
Version 4.06. Three lateral load tests were performed and simulated in these programs.
The first, was the virgin lateral loading of two drilled shafts against a 15-pile group. The
second, was the lateral re-loading in the opposite direction of the same drilled shafts
against a 9-pile group. The final test, was a single driven pipe pile laterally loaded
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against the 15-pile group but compared to results from the virgin loading of the drilled
shafts.
Results produced from each program for each test vary greatly. For the virgin
loading of the shafts, the effects of the large diameter were of most concern. To
determine the relationship between the lateral resistance of the shaft and the strength of
the soil near by, a p-multiplier was experimented with in LPILE and FB-MultiPier. No
such option was available in SWM. By comparing the measured and computed results of
load versus deflection for the first cycle of loading of the shafts a p-multiplier of 1.0 was
determined, on average, to produce the closest correlation. This indicates that as the
diameter of the shaft increases linearly, so does the lateral resistance of the soil, in this
case sand. From a test performed on drilled shafts in clay by Lutenegger, A.J. and
Dearth, A.E. (2000), the lateral capacity of shafts with varying diameter increases as the
shaft diameter increases.

For both soil types, the lateral capacity increases, not

necessarily linearly for clay, with increasing diameter.
For other comparisons presented from the virgin load test, other than load vs.
deflection, LPILE produced the closest correlation between measured and computed
data. FB-MultiPier and SWM varied in accurate modeling depending on the relationship
presented.
The re-load test on the drilled shafts was solely modeled in LPILE due to the
similarity between the virgin load test and the re-load test. Since the shafts had been
previously loaded, the soil surrounding them was disturbed. The effect this had on the
re-load test was a decrease in lateral capacity. In order to simulate this properly in
LPILE, the friction angle of the sand had to be decreased to about 20 degrees. The
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friction angle directly after the virgin load test was not measured, so this cannot be
confirmed. Still, a good correlation between measured and computed data resulted from
the decrease in friction angle for re-load testing.
The computer programs used to simulate lateral loading of the small diameter
driven pipe pile included LPILE, SWM, and FB-MultiPier. Different from modeling the
large diameter drilled shafts, a linear analysis was used for the pile. Simulations from
each of the programs produced reasonable results comparable to measured data.
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CHAPTER 8 - SUMMARY AND CONCLUSION
8.1 TEST OVERVIEW
During the summer of 2004, lateral load tests were performed on two drilled
shafts, two pile groups, and one single pile. The drilled shafts with an outside diameter
of 1.2 m (4 ft) were loaded against the 15-pile group during July and August.
Subsequent to this test, the drilled shafts were then loaded in the opposite direction
against the 9-pile group during September. Later a single pile was laterally loaded
against the 15-pile group. All of these tests took place at the test site north of the Salt
Lake City International Airport control tower. Previous tests had been conducted at this
same test site but with a different soil profile. The original soil profile consisted of
cohesive layers with a gravel fill. The top 2.44 m (8 ft) of this profile was excavated and
replaced with clean concrete sand prior to the tests in 2004.
During virgin loading, the drilled shafts were pushed in 8 increments to a total
deflection of 47 mm by reacting against the 15-pile group with two hydraulic jacks.
During re-loading of the drilled shafts against the 9-pile group, the shafts were pushed
back in 7 increments to about their original position with the same hydraulic jacks. At
each deflection increment a total of 10 cycles was applied to evaluate strength and
stiffness degradation with cycling. The single pile was loaded in a similar fashion with 9
increments to a total deflection of 23 mm. The drilled shafts were instrumented to
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obtain deflection, load, and slope data.

The pile groups, and single pile were

instrumented to obtain the same data as the drilled shafts along with strain data.
Data obtained from the instruments was used to generate curves showing load vs.
deflection, moment vs. depth, and moment vs. load for the drilled shafts and single pile
tests.

Data analysis was also performed to evaluate stiffness reduction versus the

number of loading cycles, and residual deflection of the shafts after cyclic loading. All
of these measured results were compared with results obtained from computer models as
a means of determining each models’ accuracy, as well as determining whether the
programs could model the variation in shaft diameter realistically.

The computer

programs used include LPILE (Reese et al., 2000), SWM6.0, and FB-MultiPier Version
4.06 (FB-Pier Version 4.0). Comparisons were also made between the moment versus
curvature diagrams used by the programs to model the behavior of the reinforced
concrete shafts and the stiffness of the shafts depth. The soil model was initially
calibrated using the results from the test on the 0.324 m diameter steel pile.
Subsequently, the same soil model was used when computing the lateral response of the
1.22 m drilled shafts. When using the computer programs LPILE and FB-MultiPier, pmultipliers were back-calculated, where necessary, to determine the adjustment factor
necessary to better account for increased lateral resistance with increasing foundation
diameter. The p-multipliers for the shafts were adjusted in order to provide a reasonable
correlation between measured load-deflection data and calculated data from the two
computer programs.
One final factor to consider when installing deep foundations is the cost
comparison between drilled shafts and pile groups. The cost of drilled shafts is $730 per
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meter of length. This cost includes the mobilization and de-mobilization costs. The cost
of pile groups per meter of length is $72. A separate mobilization/de-mobilization rate
for the pile groups, not included in the previous cost, is $20,000 (UDOT, 2005). The
capacity of the pile group equal to that of one drilled shafts depends on the spacing
between the piles. This was discussed in Sections 4.6.4, 5.5.4, and 6.5.1. For a pile
group with pile spacing of 3.92D in the direction of loading the equivalent piles is 13.
For a pile group with pile spacing of 5.65D in the direction of loading the equivalent
piles is 11. For piles with no spacing effects, the equivalent piles is 9. Assuming the
length of the shafts and piles were 15.24 m (50 ft), Table 8.1 shows the comparison of
cost between one drilled shaft and a pile group. The difference in cost between the
drilled shaft and pile group is also shown. It can be seen that it is cheaper to utilize
drilled shafts.

Table 8.1. Cost comparisons between one drilled shaft and pile groups dependent on spacing.

Spacing

Pile Group Cost
($20,000 Mobil. Rate)

3.92 D (13 Piles)
5.65 D (11 Piles)
No Effects (9 Piles)

$66,800
$59,600
$52,400
($667/pile Mobil. Rate)
$55,467
$46,933
$38,400

Shaft Cost

Cost
Difference

$36,500

3.92 D (13 Piles)
5.65 D (11 Piles)
No Effects (9 Piles)

$30,300
$23,100
$15,900
$18,967
$10,433
$1,900

The biggest cost factor for the pile groups is the flat rate of $20,000 for
mobilization.

On average, 30 piles are installed at a typical bridge site.
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The

mobilization cost can then be divided by 30 to obtain the cost per pile. This cost is
approximately $667 per pile and would then be multiplied by the number of equivalent
piles. A comparison between the cost of the drilled shafts and the pile groups depending
on pile spacing using this new mobilization cost is also shown in Table 8.1. As the
spacing between the piles increases, the cost of the pile groups and the drilled shafts
converge. Thus, the further apart the piles are spaced, the less number of piles are
needed and less cost is associated with installing a pile group.

8.2 CONCLUSIONS
Based on the results of the field test and subsequent analysis, the following
conclusions are presented with respect to various aspects of the testing program.

8.2.1 Equivalent Small Diameter Piles Relative to Large Diameter
Drilled Shaft

1.

The drilled shafts carry about 8.4 and 2.2 % greater loads than the 15 pile
group for both the 1st and 10th cycles, respectively. When the shafts were
re-loaded against the 9-pile group, the shafts carried about 2 % greater
loads than did the 9-pile group for both the first and tenth cycles.
Compared to the driven pile, the difference between loads for the drilled
shaft and the single pile was approximately 90 percent for the first cycle
and 89 percent for the tenth cycle.
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2.

The number of small diameter driven piles required to equal the lateral
resistance of a 1.2 m (4 ft) diameter drilled shaft depends on the spacing
between the piles, if in a group as well as the diameter of the smaller piles.
Overlapping shear zones within a group of piles tend to decrease the lateral
resistance of the piles in the group. Therefore, as the spacing between piles
decreases more piles will be require to produce an equivalent resistance.

3.

For a pile group with an O.D. of 324 mm (9.5 mm wall) and a pile spacing
of 1.83 m (5.65 D) in the direction of loading, 13 piles were required to
equal the lateral resistance of one 1.2 m diameter drilled shaft for the first
cycle of loading. For the tenth cycle, 12.5 piles were required to produce
equivalent resistance.

4.

For a pile group with an O.D. of 324 mm (9.5 mm wall) and a spacing of
1.27 m (3.92 D) in the direction of loading, 12 piles were required to equal
the lateral resistance of one 1.2 m diameter drilled shaft for the first cycle.
For the tenth cycle, 11 piles were required to produce equivalent resistance.

5.

For a single row of piles with an O. D. of 324 mm (9.5 mm wall) where
group interaction is unimportant, 9 piles would be required to equal the
lateral resistance of one 1.2 m diameter drilled shaft for the first cycle, and
7 for the tenth cycle.

6.

The number of equivalent piles decreases when the spacing between the
piles in a group increases for both the 1st and 10th cycle, indicative of pile
group interaction and diameter effects.
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8.2.2 Cyclic Load Behavior

1.

Lateral resistance decreased as number of loading cycles increased. The
peak 10th cycle loads for the virgin loading of the drilled shafts were about
70 to 84 percent of the peak loads for the first cycle. For the re-load of the
drilled shafts, the decrease in lateral resistance after 10 cycles was also
between 74 to 85 percent that of the first cycle.

2.

The decrease in lateral resistance and stiffness during loading was about the
same for the drilled shafts, the single driven pile, and for both pile groups.
These results indicate that the reduction is primarily dependent on soil
behavior and is independent of foundation type.

3.

The loss in lateral resistance during cyclic loading is non-linear. About half
of the total loss that occurred in 10 cycles occurred just after the first cycle.
However, the loss of stiffness with subsequent cycles was more uniform.

4.

For virgin loading of the drilled shafts in sand, the average stiffness of the
soil decreased approximately 10.8 percent whereas the 15-group stiffness
decreased 10.6 percent. Between the second and tenth cycle the average
stiffness of the drilled shafts loses 11.4 percent of its stiffness and the 15pile group loses 11.8 percent. This close correlation shows that the
normalized stiffness of sand around the drilled shafts and the steel piles is
the same.

5.

During re-load testing the soil stiffness decreased by 14.2 percent between
the first and second cycles and the 9-pile group lost 12.6 percent. Between
the second and tenth cycle the average of the drilled shafts lost 15.1 percent
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of its stiffness and the 9-pile group lost 12.9 percent. The loss of soil
stiffness increased as the shafts were re-loaded due to the soil having been
previously weakened from the virgin loading test.

8.2.3 Residual Deflection

1.

After each loading cycle there was a residual deflection after the load was
released due to sand falling into the gap behind the pile. Generally,
residual deflections were higher after the 10th cycle than after the 1st. The
ratio between residual and peak deflections for the first cycle of the virgin
loading of the drilled shafts in sand was approximately 0.47. The slope for
the 10th cycle in sand was slightly higher than the 1st cycle by about 0.5.

2.

For the re-load test of the drilled shafts the ratio of residual deflection to
peak deflection was approximately 0.71 for the 1st cycle and 0.76 for the
10th cycle. The residual deflections for reloading were are about 1.5 times
higher than observed in the virgin load test, which is due to the pre-existing
residual deflection before re-loading occurred.

3.

The relationship between residual and peak deflection is for the most part
linear; however, for the virgin loading there was a slight concave upward
shape at higher deflections.
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8.2.4 Depth to Maximum Bending Moments

1.

In previous load tests in clay, the depth to maximum bending moment was
observed to increase with increased load or deflection. However, this was
not the case in the virgin load tests of the large diameter shafts in sand. The
depth to maximum bending moments remained about the same between the
first and the final target deflection for both shafts.

2.

In clay, the depth to maximum bending moment was observed to increase
slightly with increased pile deflections for the small diameter driven pipe
pile test. The same pile tested in clay showed that the increase in depth was
more apparent with increased pile deflections.

8.2.5 Computer Modeling of Single Pipe Pile

1.

Collectively, the various computer programs modeled actual conditions
reasonably well. Results including load vs. deflection, moment vs. depth,
and load vs. moment were all modeled reasonably accurately by all three
programs. In general, agreement between measured and computed load vs.
deflection was the better than agreement with computed moment. The best
correlations between measured and computed response were obtained from
the small diameter pipe pile test

2.

LPILE produced the closest agreement between measured and computed
load vs. deflection curves (1 to 7 percent difference). For a given load, the
difference between measured and computed deflection was 1 to 16 percent
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when using SWM. With FB-MultiPier the computed difference with
measured deflection of 1 to 38 percent.
3.

There was a relatively accurate relationship between measured and
computed bending moment data for each computer program. The
difference between measured and computed maximum bending moment
was 15 to 25 percent, 2 to 17 percent, and 13 to 38 percent, for LPILE,
SWM, and FB-MultiPier, respectively.

4.

The difference between measured and computed depths to the maximum
bending moment was 20 to 50 percent, 3 to 43 percent, and 1 to 51 percent
LPILE, SWM and FB-MultiPier, respectively.

8.2.6 Computer Modeling of Drilled Shafts

1.

In general, the agreement between measured and computed response was
reasonably good for all the computer programs indicating that bi-linear
relationships between soil resistance and pile diameter employed by these
computer models is approximately correct.

2.

For all programs, the best correlation was between measured and computed
load vs. deflection curves. The computed load from LPILE differed by an
average of 1.3 percent relative to the average measured deflection for the
two shafts for a given deflection. For SWM, the average difference
between measured and computed deflection was 14 percent for a given
load, while this difference was 6.5 percent using FB-MultiPier.
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3.

Moment vs. depth curves were relatively accurately modeled. Maximum
bending moments at each target deflections along with the correlating depth
to maximum bending moments were compared to measured data. The
computed results from LPILE differed from the measured results by an
average for the two shafts of 16.3 % with respect to moment and 15 % with
respect to the depth to maximum moment. These differences for SWM
were 33 % with respect to maximum moment, and 43 % with respect to
depth to maximum bending moment. For FB-MultiPier, these differences
were 27 % with respect to maximum bending moment, and 20 % relative to
the location of maximum bending moment.

4.

Load vs. moment curves were the hardest to match for the various
computer models. The errors between measured and computed moment for
a given load were on average for both shafts 22, 33, and 27 percent for
LPILE, SWM, and FB-MultiPier, respectively. Nevertheless, larger
differences between measured and computed values have been observed in
previous studies (Snyder, 2004). Computed results for load vs. moment
curves were best modeled by LPILE.

5.

In order to model the measured load-deflection curve for the drilled shafts
during reloading it was necessary to decrease the friction angle for the sand
from 40 degrees used during virgin loading to approximately 20 degrees.
The average difference between measured and computed load for a given
deflection averaged 8 percent for the shafts. Because, the shafts did not
deflect back past the initial undeflected position during reloading, this soil
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resistance (20 degrees) is actually much higher than would have been
expected if sand did not fall into the gap behind the pile during virgin
loading.
6.

A non-linear analysis was used to model the reinforced concrete behavior
of the drilled shafts in every computer program. Using these models, both
LPILE and SWM predicted that the difference in shaft length would have
little effect on computed response as would be expected from the test
results. In contrast, the non-linear analysis in FB-MultiPier predicted
significantly greater deflection of the longer east shaft than the west shaft
and more movement than was measured. This discrepancy was eliminated
when the drilled shafts were modeled with a linear analysis. This result
suggests a potential error in the non-linear analysis approach used in FBMultiPier.

8.2.7 P-multipliers

1.

P-multipliers were back calculated to determine the effects of a larger
diameter on lateral resistance in sand. On average, a p-multiplier of 1.0 is
appropriate for modeling the large diameter drilled shafts under lateral
loading in sand. This result indicates that the lateral resistance of sand
increases essentially bi-linearly as the diameter of the shaft increases.
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8.3 RECOMMENDATIONS
For design of large diameter drilled shafts or piles in sand, the following points
are recommended:
1.

For design purposes, the lateral resistance of drilled shafts or piles in sand
should be assumed to increase bi-linearly with width or diameter as
assumed in the API and Reese et al p-y sand curve models.

2.

When considering cyclic loading of a drilled shaft or driven pile in sand,
soil resistance should be reduced by about 12 percent after one cycle and 25
percent after ten cycles of loading.

3.

When modeling load reversal, significant soil resistance (20 degree friction
angle) can still develop due to infilling of sand into the to gap behind the
pile.
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